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Abstract

Ovarian cancer (OvCa) turns as the alarming condition across the globe governed by its
metastasizing capacity and disease-associated inflammation leading to increased mortality
rate. The dreadful disease might be recognised as altered metabolically programed
environment in which the cancer associated metastasis is controlled by several factors, among
them, the extracellular vesicles i.e. exosomes, have been in the limelight in current research.
Thus, this study aims to understand the molecular mechanisms that adversely influence the

metastasis of the disease, leading to poor outcomes in the survival of the patients.

Metastasis involves a plethora of biomolecules actively participating in devising the tumor
microenvironment (TME) for proliferation and survival of cancer cells. An extensive
database mining revealed higher SIRTL1 status, disorients numerous biological processes,
expressing with its genomic abnormalities in OvCa, which instigated us to investigate the
molecular crosstalk augmenting the process of metastasis. Further, we identified SIRT1
associated hub genes played a significant role epithelial-mesenchymal transition (EMT) and
cellular signalling cascade PI3K/AKT, thereby illustrating SIRT1 as a notable target in OvCa
therapy. Additionally, a comparative analysis of a small molecule inhibitor (SMI) and a
phytochemical named Hyperforin by Molecular docking confirmed SIRT1 Inh Il as a potent

inhibitor of SIRT1 whose potency was further validated by in-vitro and in-vivo analysis.

A clinicopathological analysis of OvCa was conducted to depict the risk factors for the
development of OvCa, revealing that Body Mass Index (BMI), metastasis, degree of
dissemination were significantly correlated with increasing levels of the diagnostic marker,
CA-125, which negatively impacted the survival of the patients. Furthermore, the expression
of SIRT1 was found to be regulated by elevated expression of HIF-1a, establishing a hypoxic
TME under the effect of increased release of exosomes from the tumor tissues as compared to
the adjacent normal tissue, thereby driving the proliferation of cancer cells as denoted by
heightened Ki-67 expression. This phenomenon is supported by the continuous supply of
energy from elevated glycolytic pathway as indicated by increased deposition of glycogen in
the cancer tissues. All these findings underscored the intricate interplay between all these
molecules in the TME of OvCa with the idea that increasing levels of exosomes and SIRT1
expression can precise the staging of OvCa and aid clinicians in planning respective

therapeutic strategies for the patients.



Upon further analyzing the sociodemographic parameters, we deduced that pain is a major
symptom that prevailed in the OvCa patients, with its severity escalating significantly with
tumor differentiation. Thus, in-depth analysis of the molecular circuitry revealed COX-2 to
be significantly upregulated in the poorly differentiated OvCa tissues. Additionally,
SIRT1/COX-2 colocalization was also strikingly higher in the tumor tissues that reinforced
the metastatic process by increasing the colocalized expression of MMP2/MMP9 and
VEGF/ANGPT2. Alternatively, decreasing colocalized SIRT1/PTEN expression indicated a
compromised tumor suppressive function of PTEN under the effect of increased cytokines
levels. Further investigation revealed that under the interference of exosomes in
reprogramming the TME, the levels of SIRT1/COX-2/IL-6 increased, but the inhibition of
SIRT1 decreased their expression. Positive results were also observed with EMT markers, E-
cad and Vim. Apoptotic markers, Bax and Bcl-2, along with reactive oxygen species (ROS)
generation, also revealed significant differences in their expression under the impact of

exogenous exosomes, which eventually got mitigated under the effect of SIRT1 Inhibitor.

The exosomal orchestration was not only limited to the cancer cells but also induced
oncogenic transformation into normal cells, which was confirmed by heightened expression
of SIRT1/COX-2/IL-6 axis, as well as the alterations in EMT markers (E-cad and Vim), in
presence and absence of SIRT1 Inhibitor. A deeper investigation identified PISK/AKT
signaling cascade to be elevated under the effect of exosomes that diminished under the effect
of SIRT1 Inhibitor. In-vivo analysis validated that blocking exosomal secretion in
combination with metabolic inhibition could also remarkably reduce the metabolic markers
(SIRT1), metastatic and EMT markers (MMP2/MMP9, VEGF/ANGPT2, E-cad/Vim/Snail,
Ki-67), and glycolytic markers (GLUT1/HKII/PKM). Additionally, the mitigation of
increased glycogen deposition and greater glucose uptake accompanied by increased pyruvate
content, lessened lactate generation and ATP levels under the decreased activity of SIRT1
enzyme also confirmed that metabolism and metastasis are strongly intertwined in OvCa.
Concisely, targeting exosome-mediated signaling by selectively inhibiting SIRT1 grants a
promising therapeutic strategy to treat the disrupted metabolic-metastatic axis and improve

patient survival outcomes.
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Introduction

1. Background:

The third most common and fatal gynaecological malignancy is ovarian cancer (OvCa) ranked
after cervical and uterine cancer. However, The Global Cancer Observatory reported 324,603
new OvCa cases around the globe in 2022. Consequently, due to the commonality of late-stage
onset when it is typically more aggressive and resistant to standard therapies, OvCa is among
the most challenging cancer types to treat, with a cumulative risk of incidence being 0.73
[1].The increased mortality rate and poor survival are the result of late diagnosis [2]. The
symptomless progression of the disease restrains the disease to be detected early-stage. The
symptoms are mostly neglected due to their non-specificity and inappropriate nature leading to
the late diagnosis resulting in poor survival of the patients. Furthermore, multiple risk factors
like age, body mass index (BMI), family history, menopausal status etc. alarm the onset of the
disease [3]. As per World Health Organization (WHO) classification, OvCa is classified into
three prime categories namely, primary OvCa of epithelial origin which accounts for 60% of
the cases, germ cell tumor (30%) and sex cord stromal tumor (8%). Since the occurrence rate
of epithelial cancer is highest among all other subtypes, it is subcategorized depending on its
histological types and proliferation rate of the cancer cells [4]. The heterogeneous group of
epithelial OvCa is categorized under various histological subtypes namely serous, mucinous,
endometrioid, clear cell, transitional cell tumors (Brenner tumors), carcinosarcoma, mixed
epithelial tumor, undifferentiated carcinoma [5]. Among the Asian countries, India ranks
highest in mortality, whereas the occurrence rate has decreased in young patients in Europe
and North America [6]. The age-adjusted OvCa occurrence rates in India account for 5.4 to
8.0 per 100,000 population distributed in different parts of the country [7]. Early, estimation
revealed that by 2020 approximately 59, 276 new incidences would be reported in India, which
would increase by 55% by 2035 resulting in an increase in mortality rate by 67%, creating an
alarming situation in the country [8]. As per GLOBOCAN 2022, 47,333 (6.6%) new OvCa
cases were reported and ranks third in number among all other cancers in females (Figure 1).
As per recent data published by the National Cancer Registry Programme, OvCa rates are
increasing in various geographical areas, including the North Eastern region of India, with
41.9% locally advanced/locoregional cases and 29% both distant metastasis (DM) and
localized cases [9]. Thus, this alarming situation demands an absolute necessity of early-stage
diagnosis with a proper treatment regime for the patients to improve the survival rate of the

patients.
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Figure 1. Prevalence of OvCa cases in India (GLOBOCAN, 2022)

2. Ovarian cancer metastasis

The OvCa cells metastasize by two distinct mechanisms, firstly through passive dissemination
and secondly through the hematogenous pathway. Passive dissemination involves direct
implantation of the clustered cancer cells after a relatively simpler process of migration
through the ascitic fluid followed by adhesion and invasion into the abdominopelvic organs,
mostly in the omentum. On the contrary, the hematogenous route involves a series of crucial
interconnected phenomena. Firstly, the cells intravasate where the cells reprogram the basal
membrane and enter into the bloodstream or lymphatic vessels. The cells then migrate and
extravasate from the blood and the lymph vessels after they find a suitable microenvironment
for their homing and proliferation at the target sites. The formation of a suitable tumor
microenvironment (TME) involves complex intermolecular interactions between the cancer
cells and the extracellular matrix (ECM), that allow the cancer cells to escape the
immunosurveillance and form colonies at the secondary sites. Alternatively, in the ascites-
driven pathway, tumor cells disseminate within the peritoneal fluid, a process closely linked to
the accumulation of ascites in advanced ovarian cancer cases. These circulating tumor cells
attach to and infiltrate the mesothelial layer that lines the peritoneal surfaces. The presence of
ascitic fluid provides a supportive environment for tumor cell survival and transport,
facilitating their adhesion to mesothelial cells. This infiltration is often aided by alterations in
the mesothelial barrier, such as changes in the ECM composition and signaling pathways that

enhance tumor cell motility and invasiveness [10].
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3. Role of exosomes in OvCa metastasis

There are a lot of evidence to suggest that exosomes are critically involved in the OvCa
metastasis by promoting adhesion, invasion, angiogenesis, immune evasion, chemoresistance
and serving as the key mediators of tumor-stroma crosstalk by regulating the survival of the
cancer cells, reprogramming and educating other cells to promote metastasis [11]. OvCa
metastasis is often mediated by the interaction of exosomes with the TME [12][13]. Exosome
content release can alter the fate of target cells by regulating the recipient cells by transferring
microRNAs (miRNAs), non-coding RNAs, mRNA, rRNA and tRNA which are reported to be
carried as exosomal cargoes [14]. The formation of a pre-metastatic niche (PMN) is an
essential phenomenon for the occurrence of secondary metastasis creating an atmosphere at
distant sites for the migrating tumor cells to colonize and proliferate [15]. Additionally,
exosomes also participate in the mesothelial-mesenchymal transition (MMT) by acting as an
intercellular communicator between mesothelial cells and tumor cells and facilitating co-
invasion of tumor cells and peritoneal mesothelial cells derived cancer associated fibroblasts
(CAFs) into the peritoneal matrix [16]. Exosomes are also reported to perform crucial roles in
angiogenesis by transferring proangiogenic molecules angiogenin, vascular endothelial growth
factors (VEGF), interleukin-6 (IL-6), IL-8 to endothelial cells [17][18]. Exosomes dependent
transfer of miR-205 from cancer cells to endothelial cells thereby activating the phosphatase
and tensin homolog (PTEN)/protein kinase B (Akt) signaling cascade and promoting
angiogenesis [19]. Moreover, the hypoxic TME is responsible for the elevated secretion of
exosomes from the cancer cells and leads to the transformation of cancer cells to a more
aggressive phenotype leading to chemoresistance via activation of STAT3/Rab proteins [20].
Exosomes derived from hypoxic epithelial OvCa cells are reported to promote the phenotypic
alteration of M1 macrophage to aggressive M2 phenotype and thus promoting proliferation and
migration of the cancer cells [21]. Understanding the specific mechanisms of peritoneal
dissemination and the interactions between tumor cells and exosomes with the investigation of
baseline molecular mechanisms remains critical for developing targeted treatments and
improving prognosis. An overall schematic of roles played by exosomes is represented in

Figure 2.
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Figure 2. Role of exosomes in OvCa metastasis

4. Metabolism in Ovarian Cancer: A Focus on Glycolysis

A characteristic feature of the metabolism in malignant tumor cells is their altered use of
glucose compared to normal cells. Cellular energy is mainly produced through glycolysis and
oxidative phosphorylation (OXPHOS). When oxygen levels are typically high, cells depend
on OXPHOS for energy. However, under oxygen-deprived state, they shift to glycolysis.
Conversely, tumor cells uptake the glycolytic pathway even in abundant oxygen levels,
referred to as the Warburg effect or aerobic glycolysis. These metabolic alterations aid the
cancer cells to survive even in the hypoxic tumor microenvironment that protects them from

oxidative damage and apoptosis [22].

In epithelial OvCa cells, heightened glycolysis and increased glucose uptake are
notable metabolic changes [23]. In normal cells, receptor tyrosine kinases (RTKs) trigger the
Phosphatidylinositol 3-kinase (PI3K)/ Akt signaling pathway, which boosts glucose
transporter (GLUT) 1 expression. In cancer cells, oncogene activation allows glucose uptake
to occur autonomously, without the need for external growth factors. One of the most
common mutations in OvCa is the mutated PIK3CA gene which is responsible for enhancing
PI3K/Akt pathway impact. Glucose metabolism is often affected by hypoxia-inducible factor
I-alpha (HIF1a) as it regulates the VEGF-RTK signaling cascade and drives the metabolic
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shift toward glycolysis [24]. However, the loss of function due to mutation negatively
regulates PI3K signaling that intensifies Akt pathway activation and strengthens the
glycolytic profile in OvCa. In this context, the roles performed by exosomes in influencing

the regulatory pathways in metabolism need to be explored.

Nicotinamide adenine dinucleotide (NAD) is a molecule that acts as a coenzyme
participating in redox reactions in multiple metabolic processes such as glycolysis, the
tricarboxylic acid (TCA) cycle, oxidative phosphorylation and serine biosynthesis [25]. NAD
is an absolute requirement by the cancer cells to maintain the growth and survival of the
highly proliferating cells and thus NAD needs to be replenished. Several glycolytic enzymes
like including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and lactate
dehydrogenase (LDH), which are required for glycolysis are modulated by the increased
levels of NAD by acting as a coenzyme [26]. In addition, increased levels of the rate-limiting
NAD biosynthetic enzyme, Nicotinamide phosphoribosyltransferase (Nampt), maintain
elevated NAD levels thereby promoting growth and anticancer drug resistance in cancer cells
[27]. Tumor cells preferentially utilize glycolysis under hypoxic conditions to generate
pyruvate, though it is reduced into lactic acid instead of further oxidizing to the mitochondrial
acetyl-CoA to generate ATP [28]. Then, this metabolic switch, which is associated with
elevated concentrations of lactate and reduced pH, hypoxia, and increased reactive oxygen
species (ROS) within the tumor microenvironment (TME), induces cancer progression and

immune escape [29]. A probable mechanism of metabolic state in OvCa cells is unveiled in

Figure 3. Images were prepared using https://www.biorender.com/.
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Figure 3. Schematic of a probable mechanism in OvCa metabolism
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5. Regulation of metabolism with SIRTs

Numerous studies have established a strong correlation between cellular glucose metabolism
and tumorigenesis, emphasizing that cancer cells must reprogram their metabolic pathways to
meet the heightened energy demands of rapid and uncontrolled proliferation [30]. In this
context, over the last decade, mammalian sirtuin family has gained tremendous attention for
their roles as stress adaptors and post-translational modifiers. They actively participate in
various cellular phenomenon that includes DNA repair, energy metabolism, and
tumorigenesis. Surprisingly, genomic instability and metabolic reprogramming are identified

as two hallmarks of cancer.

SIRT1-SIRT7 are the seven proteins that constitute the sirtuin family. They have a
catalytic domain for binding NAD+ which varies in their N- and C-termini. Their localization
in the cells, enzymatic activity and their respective binding targets are due to their diverse
terminal extensions. SIRT1, SIRT6, and SIRT7 are located in the nucleus whereas SIRT3,
SIRT4 and SIRTS5 dwell in mitochondria and SIRT2 is mostly localized in the cytosol of the
cells. However, they can translocate from their respective compartments to perform their
roles [31]. Sirtuins (SIRTs) operate in diverse cell compartments: they deacetylate histones
and various transcription regulators in the nucleus, but additionally particular proteins in
alternative cell compartments, like within the cytoplasm and the mitochondria.
Consequently, SIRTs respond to physiological changes in energy status to control fat and
glucose metabolism and are critical regulators of the circuitry that dictates energy
homeostasis [32]. The reaction of the amide with deacetylation cleavage by NAD+
generates nicotinamide and O-ADP-ribose, an intermediate during the reaction. This
intermediate is required for the deacetylation reaction conducted by SIRT for transferring a
single acetyl group from lysine to O-ADP-ribose moiety to produce O-acetyl-ADP-ribose
and deacetylated lysine product. This reaction uses up an equivalent mole of NAD+ per
acetyl group removed while governed by the cellular [NAD]/[NADH] ratio [33][34]. Recent
developments have emphasized the contribution of SIRTs in epithelial-mesenchymal
transition (EMT), a process that enables cancer cell invasion and spread, and in the
modulation of energy metabolism programs. Moreover, an increased understanding of the
key implication of epigenetic changes in the initiation, promotion and progression of cancer
has shed new light on the role of SIRTs as prominent epi-enzymes implicated in these steps
[35]. Thus, investigation of the regulatory roles of SIRT in cancer progression is required for

identifying potential therapeutic targets.
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SIRT1 drives the oncogenic signaling in BC cells by modulating the transduction
network mediated by estrogen receptor-a (ERa) [36]. Furthermore, SIRT1 overexpression
activates c-Myc protein in thyroid cancer which is an outcome of PTEN deficiency [37].
SIRT2 mostly acts as a tumor suppressor, however, its expression negatively impacts acute
myeloid leukemia, pancreatic cancer, neuroblastoma, high-grade human HCC [38][39][40].
SIRT3 also negatively regulates the progression of cancer in oral squamous cell carcinoma by
decreasing the ROS levels [41]. In pancreatic cancer, SIRT3 is reported to deacetylate
glutamate oxaloacetate transaminase and thus arrests malate-aspartate NADH shuttle required
for the growth of the cancer cells [42]. A pilot study reveals that lower expression of SIRT4
is associated with a lower survival rate in lung cancer patients [43]. Inhibition of SIRT4 is
reported to activate mammalian target of rapamycin complex 1 (mTORCI) that increases
glutamine metabolism [44]. SIRTS acts as a tumor suppressor in squamous cell carcinoma
[45] and endometrial cancer [46]. SIRT6 is also reported to regulate tumorigenesis, for
instance, SIRT6 represses glutamine metabolism, ribosomal gene expression and glycolysis
and its loss increases the metabolic cascades that in turn contribute to the development of
tumor [47]. However, SIRT7 acts as a tumor promoter by enhancing the genomic integrity in
the cancer cells. In colorectal cancer (CRC), SIRT7 regulates the EMT by increasing
vimentin (Vim) and fibronectin and downregulating E-cadherin (E-cad) and -catenin
expression [48]. Under this doctrine, Zeng et al. demonstrated that SIRT1 is associated with
poor survival in OvCa [49]. Thus, assisted by multiple evidence, although SIRTs perform
their respective roles in distinct cancer types but SIRT1 being upregulated in OvCa forms a

central attraction for study.
6. Relevance of SIRT1 in OvCa

Women with germline pathogenic variants in BRCA1 or BRCA2 exhibit a higher prevalence
of serous adenocarcinomas compared to mucinous or borderline tumors [50]. Inactivation of
BRCAI1 by mutations and promoter methylation are linked with increased levels of NAD
which in turn reveals that Nampt plays a pivotal role in BRCAI related NAD synthesis.
Furthermore, in OvCa, there exists an inverse correlation between BRCAI1 expression and
NAD level an inverse correlation has been observed between BRCA1 expression and NAD
levels. However, an increase in BRCA1 levels in a concentration-dependent manner was
observed when incubated with NAD. Additionally, NAD levels increase with overexpression
of Nampt which in turn increases the expression of BRCA1 in primary OvCa cells as well as
OvCa cancer cell lines including A2780, HO-8910, and ES2. These observations focus on the

intricate relation between BRCA, NAD metabolism, Nampt activity in OvCa. In this context,
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investigating the roles of SIRT1 in OvCa is very relevant and crucial to understand the altered

metabolic reprogramming [51].
7. Role of SIRT1 in other malignancies

Cancer-associated phenomena like chemo-resistance, hyperproliferation, pro-survival
properties within cancer cells are often influenced by overexpression of SIRT1. Interestingly,
SIRT1 has a dual impact on tumorigenesis. Although it possesses context-dependent tumor-
suppressive functions, extensive literature supports its large contribution to metastasis in a
wide range of cancer types. SIRT1 stimulates tumorigenesis through deacetylation of tumor-
suppressive and DNA damage-repairing proteins, resulting in the inactivation of important
signaling pathways that protect the cell from tumorigenesis. Multiple malignancies, including
PC [52], BC [53], non-small cell lung carcinoma (NSCLC) [54], colon [55], and gastric
cancers (GC) [54], as well as melanoma [56], leukemia [57], and OvCa [58] are influenced,
promoted, and progressed by SIRT1 modulations. Some small-molecule inhibitors of SIRT1
have been developed based on experimental evidence demonstrating that they downregulate
cancer cell growth, proliferation, and viability in vitro. SIRT1 is shown to deacetylate STAT3
which acts as an inhibitor of gluconeogenesis [59,60] through the interaction between SIRT 1
and STAT3 in GC. This cross-talk is a driver of malignant progression by promoting cell
survival signaling, down-regulating tumor suppressor genes, and stimulating drug resistance
that exacerbates patient suffering. This interaction accelerates malignant progression by
activating proteins associated with cell survival, downregulating tumor suppressor genes, and

promoting drug resistance, contributing to poor patient outcomes.

Additionally, SIRT1 overexpression has been reported in hematological malignancies,
such as T-cell acute lymphoblastic leukemia, chronic lymphocytic leukemia, diffuse large B-
cell lymphoma, and chronic myeloid leukemia (CML) [61-63]. SIRT1 is thus identified as a
key tumor promoter and as a potential therapeutic target in cancer, as summarized in these

findings.
8. Role of SIRT1 in EMT

EMT in cancer is significantly modulated by Transforming growth factor (TGF)-p which in
turn also upregulates SIRT1. SIRT1 interacts with several transcription factors (TFs) to
downregulate or degrade E-cad, thereby promoting resistance to cell death and migration and
invasion of cancer cells. The involvement of SIRT1 in triggering EMT has been illustrated by
multiple studies, mainly through the repression of E-cad [64]. The synergistic role of miR-
217 and SIRT1 in EMT is evident in chronic pancreatitis and PC [65]. TGF-B1 initiates EMT
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via SIRT1-induced E-cad degradation by down-regulating miR-217. Therefore, miR-217 is a
tumor suppressor in pancreatic ductal adenocarcinoma through KRAS targeting [66] and
reduces significantly in cancers such as clear cell renal cell carcinoma [67] and GC [68],
wherein loss of miR-217 is associated with poor survival. In PC, SIRT1 modulates EMT by
binding to ZEB1, an EMT-related TFs, and bringing SIRT1 to the E-cad promoter which in
turn downregulates the E-cad expression [69]. In this phenomenon, E-cad is translationally
inhibited because of its deacetylation at the histone H3 and reduced attachment of RNA

polymerase II.

Transcriptional inhibition of E-cad occurs due to deacetylation of histone H3 and
decreased attachment of RNA polymerase II. In line with this, in pancreatic cancer,
upregulated methyl-CpG binding domain protein 1 (MBD1) indicates lymph node metastasis,
accounting for poor survival [70] and is linked to SIRT1 to promote EMT. SIRT1 is also
overexpressed in most hepatocellular carcinoma (HCC) tissues, where it promotes invasion
and metastasis through increasing the expression of EMT markers, including SNAIL, twist,
and Vim, and decreasing E-cad expression. Moreover, poor survival in HCC is associated
with overexpression in HCC, thus the importance and therapeutic value of selective SIRT1
inhibitors is reflected [71,72]. The SIRT1-mediated downregulation of miR-204 inactivates
LKB1, which promotes the invasion of GC. miR-204 expression restoration and SIRTI
knockdown promote mesenchymal-epithelial transition (MET) phenotype to inhibit GC
metastasis by upregulating E-cad and downregulating Vim levels [73]. SIRT1 also promotes
EMT in melanoma by downregulating E-cad expression and deacetylating Beclin-1, it
facilitates the degradation via autophagy [74]. These results emphasize the versatile actions of
SIRT1 in promoting EMT and positioning itself as a crucial target for further therapeutic

interventions in combatting cancer progression and migration.
9. Exosomal role in regulating metabolism in cancer

TME is a heterogeneous atmosphere, with different groups of cells, alterations in the ECM
numerous observations on how exosomes can effectively remould metabolism on different
carcinogenic pathways and sustain tumor growth. Both the cancer and stromal cells are
metabolically reprogrammed by the exosomes in a manner that permits the tumor access to
metabolic resources [75]. In CRC, exosomes downregulate the Cav-1 expression and
upregulate the expression of GLUT1 which increases the rate of glycolysis in the CAFs.
Furthermore, exosomes induce normal fibroblasts to differentiate into CAFs by upregulating
a-smooth muscle actin (SMA) expression [76]. In addition, exosomes control the crosstalk

between cancer cells and cancer-associated adipocytes. Upon uptake of adipocyte-derived
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exosomes by the malignant melanoma cells, the proliferation rate increases, and proteomics
study of those exosomes indicated the exosomes carried fatty acid oxidation-associated
proteins which in turn modulated the metabolism in the cancer cells [77]. Simultaneously,
exosomes are also reported to modulate the endothelial cells in the TME that primarily
depend on glycolysis as their energy source. For instance, Wang et al. evaluated that the
AML-derived exosomes when internalized by the endothelial cells the glycolytic pathway
increases due to the transfer of VEGF/VEGFR [78]. Although little is known about the mode
of intercellular communication between cancer cells and mesenchymal stem cells (MSCs),
but evidence reveals that exosomes play a role in their conversion into the tumor-like
phenotype. For example, exosomes derived from prostate cancer (PC) cells are found to
carry pyruvate kinase (PK) M2 which when transferred to the MSCs through exosomes,
enhances the aggressiveness of the cancer cells and metastasizes to bones [79]. Exosomes
derived from a Kaposi's sarcoma-associated herpesvirus (KSHV)-infected cell contained
virus-encoded mRNAs that were integrated by surrounding non-infected cells, resulting in a
shift in glycolysis and the suppression of mitochondrial biogenesis. It was observed that the
exosomes modulated the metabolic reprogramming of adjacent cells, which mediated the
proliferation of infected cells and promoted the malignant angiogenesis of Kaposi's sarcoma
[80]. Exosomes from chemo-resistant CRC were found to be capable of imparting drug
resistance to chemosensitive cells by inducing upregulation of glycolysis [81]. Thus,
multiple evidence illustrates that exosomes perform a significant role in metabolic
reprogramming facilitating cancer growth, progression, immunosuppression and drug

resistance.
10. Role of exosomes in EMT

EMT is the result of the loss of epithelial characteristics and gain of mesenchymal attributes
by the cancer cells required for their migration to the distant secondary sites leading to
metastasis [82]. The transformed cells secrete greater loads of exosomes as compared to the
untransformed cells and are rich in oncogenic mesenchymal markers like Vim, N-cad,
fibronectin and decreased epithelial markers E-cad, epithelial cellular adhesion molecule
(EpCAM), occludins, etc. along with an increase in the levels of EMT inducing TFs like
ZEBI1, SIP1/ZEB2, Twist1/2, Snail/2/3 (Snail/Slug/Smuc). These TFs suppress the epithelial
gene expression and enhance the mesenchymal markers thereby reprogramming the gene
expression associated with EMT/MET plasticity [82]. The release of exosomes is modulated
by the hypoxic conditions which elevate their secretory levels as compared to the normoxic

state of the cells [83]. In BC, the loss of tumor suppressor, p85a, the stromal cells convert

10
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into CAFs thereby releasing exosomes carrying Wnt10b which augment metastasis by Wnt
pathway-mediated EMT [84]. Exosomes derived from CAFs derived exosomes carry
miRNA-181d-5p that initiate the EMT in BC by downregulating caudal-related homeobox-2
(CDX2)/homeobox-AS5 (HOXAS) axis [85]. Moreover, CAFs derived exosomal miRNA-21, -
378e, -143 clevate the stem cells concentration thereby promoting EMT BC cells [86]. In
CRC, the polarization of macrophages from M1 phenotype to M2 occurs due to exosomal
transfer of miR-25-3p, miR-130b-3p, miR-425-5pmiRNA which in turn activate the
PI3K/Akt signaling and promote EMT by secretion of VEGF [87]. In airway epithelial cells,
the Mast cell derived exosomes promote TGFB1-induced EMT cascade by increasing gene
expression of Twistl, Matrix metalloproteinase (MMP)9, TGF-f1, bone morphogenic
protein-7 (BMP-7), Snail/Slug and decreased expression of E-cad [88]. However, adipose-
derived stem cells (ADSCs) derived exosomal miRNA-215-5p inhibited the high glucose
(HG)-induced EMT process of podocytes by targeting the transcription of ZEB2 [89].
Exosomal TGFP also participates in inducing EMT by activating the Smad dependent
pathway resulting in overexpression of nuclear Snail, thereby downregulating E-cad [90].
Roy et al. demonstrated that exosomes remain high in OvCa under hypoxic conditions by
modulating SIRT1, thereby increasing the Ki-67 expression in ovarian tumor tissues [91][92].

Figure 4 schematically represents the role of exosomes in mediating EMT.
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Figure 4. Role of exosomes in mediating EMT
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Rationale of the study

The significant global health impact imposed by the higher incidences of OvCa leading to the
highest mortality rate in women throws a challenge to the clinicians creating a critical arena of
research. Despite technological advancements, the lack of screening techniques and the non-
symptomatic nature of the disease primarily drive late-stage diagnosis. This menace demands
diagnosis at a treatable stage so that the survival rate increases. Moreover, the Late-stage
diagnosis and complex disease mechanisms due to the highly heterogeneous nature with
distinct subtypes limit the therapeutic approaches. This demands insights into underlying
mechanisms driving the tumorigenesis, progression. Although there exist conventional
treatment strategies like surgery, chemotherapy but the alarming situations demand the
identification of potential targets to combat the disease and design personalized treatment
regimens. The importance of adapting Westernized lifestyle, sociodemographic and economic
attributes, gynaecological factors should be taken under consideration upon noticing the
increasing number of OvCa incidences across the globe. Thereby, proper awareness among the
people and efficient treatment strategies must be designed to improve the healthcare systems to
control the rapid prevalence of the disease. Under this doctrine, we aimed to investigate the
interplay between exosomes and cells in the TME which regulates the metastasis in OvCa.

The following objectives are hypothesized to perform the study.
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Objectives

* To identify and characterize different metabolic markers in correlation with exosomes

status in metastatic ovarian cancer

+ To establish the altered signaling cascade involving the different metabolic regulators in

exosome mediated metastasis

» To study the metastasizing ability of exosomes and cancer cells in mice xenograft model

and also evaluate

microenvironment.
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Chapter 1

1.1. Introduction

The deacetylating potential of upregulated SIRT1 has driven the attention of researchers to
investigate the abnormal functionality of the various deacetylated proteins that affect the
metabolic state, DNA repair and survivability of OvCa cells [1]. Additionally, activated
SIRT1 in OvCa cells enhances proliferation and promotes tumor growth by inhibiting the
apoptotic process by deacetylating the pro-apoptotic factors [2].The poor survival outcomes
of the OvCa patients are due to the higher SIRT1 expression that induces the malignant
transformation of the cancer cells [3]. Parallelly, another vital factor that participates in
controlling several cellular mechanisms like controlling angiogenesis, instigating the
apoptotic cascade, promoting DNA repair mechanisms is the tumor suppressor p53 [4].
However, it has been observed in advanced malignancies that the p53 gene is often mutated
with a gain of function as an oncogene and loses its tumor suppressing ability which

eventually augments the aggressiveness of the disease [5].

The effect of SIRT1 is dependent on the tumor type and the genomic state of the cell
along with the p53 status in the cells. However, in cells in which p53 and other tumor
suppressors are lost, and their repressive activity is restrained, the expression level of SIRT1
goes high. There exist several cancer cell lines that lack p53 expression, exhibit
overexpressed SIRT1 and upon knockdown of SIRT1 they undergo apoptosis [6], which
signifies the continued proliferation of the cancer cells in a p53-independent manner. For
instance, tumor cells overcome the apoptotic pathway upon FOXO deacetylation by SIRT1.
Furthermore, the Lysl16 on histone H4 is deacetylated which is a crucial marker for
oncogenesis [7][8]. Thus, continued cell proliferation occurs when overexpressed SIRT1
maintains the histones in the deacetylated state for greater access to transcription factor
complexes. However, SIRT1 is noted to inhibit P53 by deacetylating C-terminal Lys382
residue and disabling their transcriptional activity which promotes tumorigenesis [9]. In this
regard, SIRT1 and p53 both emerge as recognizable targets for improving the treatment

strategy towards OvCa.

Since phytochemicals are often implanted as alternative treatment strategies for the
disease natural products [10] and small molecule inhibitors (SMIs) like Inauhzin [11] can

inhibit SIRT1 mitigating its oncogenic effects. However, due to the paucity of technical
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support in their processing since ancient days, natural products cannot be established as
potent drugs for cancer. Thus, establishing and designing chemical compounds have gained
pharmacological importance as treatment regimens. EX527, a potent and selective SIRT1
inhibitor (Inh) is implemented in treating cancer like EC [12], HCC [13], PC [14] that works
well in the presence of NAD. Simultaneously, implementing natural SIRT1 inhibitors due to
their effective pharmacological effects has gained interest. For instance, a phloroglucinol
derivative, Hyperforin derived from the aerial part of Hypericum perforatum (St. JohnC
swort) is established as a potent inhibitor of SIRT1 [15]. In this background, we investigated
the effectiveness of both Hyperforin and SIRT1 Inh Il to understand their efficacy in
mitigating OvCa.

SIRT1 has been reported to deacetylate multiple factors that cause dysregulation in
several signaling cascades which augments the oncogenesis [16]. Among the several
dysregulated signaling pathways, the PI3K/Akt pathway in BC is highly dysregulated under
the modulatory effect of increased SIRT1 which in turn promotes the growth of BC cells by
deacetylating AKT [17]. Additionally, in several malignancies, AKT is observed to be
overexpressed which causes abnormalities in the PI3K/AKT pathway and restrains the
apoptotic cascade thereby promoting the growth and proliferation of cancer cells [18].
Furthermore, PC cells gain their proliferative potential under the effect of SIRT1 deregulated
PI3K molecule [19]. Additionally, in this research work, we have also investigated the
pathways dysregulated by SIRT1 associated molecules on an in-silico basis which might

promote OvCa cell growth and proliferation.

1.2. Specific objectives

e Database mining and identifying SIRT1 as an upregulated biomolecule in OvCa.
e ldentifying the SIRT1 associated factors and oncogenic signaling cascades.
o ldentifying a potent inhibitor of SIRT1 in OvCa.

¢ In-vitro and in-vivo validation of the identified SIRT1 Inh in OvCa.
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1.3. Materials and Methods

1.3.1. Materials

The reagents used for conducting the experiments are listed in Table 1.

Table 1. List of reagents

Serial No. Product Company Catalogue No.

1. Rabbit polyclonal anti-human SIRT1 |Cell Signalling
antibody Technology D739

2. HRP-linked anti-rabbit Cell Signalling
Antibody Technology 7074P2

3. DKXRB FITC AFFINITY Invitrogen A16024

4. p53 Monoclonal Antibody (DO-1)  |Invitrogen AHO0152

5. Goat anti-Mouse 1gG (H+L) Cross- |Invitrogen P-852
Adsorbed Secondary Antibody, PE

6. eBioscience™ 1X RBC Lysis Buffer |Invitrogen 00-4333-57

7. Annexin V Conjugates for Apoptosis |Invitrogen A13199
Detection

8. 4-6-DIAMIDINO-2-PHENYLIN Invitrogen D1306
(DAPI)

9. PENICILLIN STREPTOMYCIN Invitrogen 15140148
SOL

10. a-SMA Rabbit pAb Abclonal AT7248

11. Fibronectin Rabbit pAb Abclonal A23830

12. Collagen Rabbit pAb Abclonal A1352

13. DAB Substrate Sigma Aldrich 11718096001

14. Collagenase Type IV Sigma Aldrich C4-22

15. 0-Xylene solution Sigma Aldrich 40201

16. RPMI Gibco ™ A10491-01

17. Fetal Bovine Serum (FBS) Gibco ™ 10270-106

18. Hematoxylin Solution (Mayer's, ABCAM ab220365
Modified)

19. Eosin Y-solution 0.5% MERCK 109844
Agueous

20. 5(6)-Carboxy-2',7'- MERCK 21884
dichlorofluorescein diacetate
(DCFDA)

21. Hydrogen peroxide solution MERCK 88597

22. Dibutylphthalate polystyrene xylene |Sisco Research 88147

(DPX) Mountant for histology

Laboratories Pvt. Ltd.
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Serial No. Product Company Catalogue No.

23. Dimethyl Sulphoxide (DMSO) Sisco Research 43404
extrapure, 99% Laboratories Pvt. Ltd.

24. Methanol extrapure AR, Sisco Research 65524
99.8% Laboratories Pvt. Ltd.

25. Albumin Bovine (pH 7) fraction V  |Sisco Research
(Bovine Serum Albumin, BSA), 98% | Laboratories Pvt. Ltd. 83803

26. 3-(4,5-dimethylthiazol-2-yl)-2,5 HIMEDIA MB186
diphenyltetrazolium bromide (MTT)
tetrazolium

Buffer Composition

27. Phosphate buffer saline (PBS) 8g NaCl; 0.2g KCI; 1.44g Na,HPO4.7H20;
1X 0.24g KH2PO4; H20 to 1L; pH-7.4

28. Citrate Buffer 12.044¢g Sodium Citrate Dihydrate; 11.341g

Citric acid; H20 to 1000mL; pH-6

1.3.2. Methods
1.3.2A. Understanding genetic alterations of SIRT1 and TP53 among all cancer types

The assessment of alteration frequency and mutations of SIRT1 and TP53 were investigated

using CBioportal server (https://www.cbioportal.org) for all cancers to understand their status

in the cancer genomics data set. University of Alabama Cancer Database (UALCAN) server

(http://ualcan.path.edu/index.html) was used to analyze the protein and RNA levels of SIRT1

and TP53 in OvCa. Both SIRT1 and TP53 gene expression and protein expression were
examined using The Cancer Genome Atlas (TCGA) and Clinical Proteomic Tumor Analysis
Consortium (CPTAC) OMICS, respectively. Additionally, the PrognoScan database
(http://dna00.bio.kyutech.ac.jp/PrognoScan-cgi/PrognoScan.cgi) was used (adjusted Cox
P<0.05) to determine the impact of both SIRT1 and TP53 on the OS and disease-free survival
(DFS) in OvCa.

1.3.2B. Immunofluorescence

The tissue slides, both tumor and adjacent normal (N=21), were deparaffinized using xylene
followed by a rehydration using alcohol gradient (100%, 90%, 70% and 50%). The slides
were then fixed with methanol/H.O> and then immersed in citrate buffer at an optimum
temperature of 95°C-100°C for antigen retrieval, followed by blocking with 5% BSA.
Primary antibodies of p53 and SIRT1 were added to the slides and incubated overnight at 4°C

for Immunofluorescence (IF). The next day, after adding the secondary antibodies FITC and
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Texas Red tagged (1:1000), followed by staining the nucleus with 4',6-diamidino-2-
phenylindole (DAPI), images were captured after mounting using Dibutylphthalate
polystyrene xylene (DPX) under an OLYMPUS BX53 fluorescence microscope [20].

1.3.2C. Cell culture and Cell viability analysis

ID8, murine OvCa cells and SKOV3, ovarian adenocarcinoma cells were grown in DMEM
and RPMI media, respectively, supplemented with 10% FBS and 1% Pen/Strep. The cells
were cultured until 80% confluency. Following trypsinization, the cells were seeded in 96
well plates to determine drug dose SIRT1 Inh Il at different drug concentrations (0.01uM,
0.1pM, 1uM, 10puM). After 24 hrs treatment, MTT tetrazolium was added to evaluate the
viable cells followed by the addition of 150ul Dimethyl Sulphoxide (DMSO) in each well
and optical density (OD) value was obtained by an ELISA plate reader (Infinite 200PRO-
TECAN, 30050303) at 595nm [21].

1.3.2D. Immunohistochemistry

Adjacent normal tissue and primary OvCa tissues were obtained from OvCa patients. Control
(Con) and treated tissue sections were obtained from mice for protein expression analysis.
Immunohistochemistry (IHC) staining was conducted as described by Roy et al. with SIRT1,
p53, a-SMA, collagen, and fibronectin as primary antibodies (1:500) and the addition of an
anti-rabbit secondary antibody (1:1000) on the following day. The reaction was determined
by adding 3, 3’-diaminobenzidine tetrahydrochloride (DAB) in the dark at room temperature
(RT) and hematoxylin as counterstain followed by DPX mounting and imaging was carried
out under a bright field compound microscope (OLYMPUS CX40) [22]. H-score = [(0 X %
negative cells) + (1 X % weak positive cells) + (2 X % moderate positive cells) + (3 x %
strong positive cells)] where 0 = no staining visible, 1 = weak staining, 2 = moderate staining
and 3 = strong staining and the H-score ranges from 0 (negative) to 300 (100% strong
staining) [23].

1.3.2E. Analysis of protein-protein interaction, identification of hub genes and functional

enrichment analysis

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) v11.0 database

(http://string-db.org) was used to derive protein-protein interaction (PPI) of differentially

expressed genes (DEGs) with a confidence score of 0.7. PPI network was demonstrated by

the Cytoscape software. The highly connected clusters within the network (based on
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connectivity degree) were derived by the molecular complex detection (MCODE) plugin of
the Cytoscape software. biological information associated with the top-ranked interconnected
MCODE cluster was deduced by an online gene functional annotation and analysis

application, Metascape (http://metascape.org/). The MCODE gene cluster was further

investigated for Gene Ontology (GO), Reactome pathway analyses and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.

1.3.2F. Investigation of SIRT1 associated genes

To investigate the differential expression deduced from MCODE analysis, Gene Set Cancer

Analysis (GSCA) server (https://guolab.wchscu.cn/GSCA/#/). the cancer-associated

pathways and their interconnection with the immune cells' infiltration was observed by this
analysis. Copy number variation (CNV) and single nucleotide variation (SNV) of the
interested gene set and their relationship with miRNA expression were also studied by this

online tool [24].
1.3.2G. Tertiary structures of PI3K and AKT target proteins

Three-dimensional (3D) structures of the target proteins PI3K (PDB ID: 5DXT) and AKT
(PDB ID: 3QKK) were obtained from Protein data bank (PDB) (https://www.rcsb.org)

database.
1.3.2H. Homology modeling of SIRT1 target protein

Since the stereochemical quality of 3D structure of SIRT1 was not available in the PDB, the
target sequence of the SIRT1 protein of Homo sapiens with a length of 555 residues (ID:
AAH12499) was retrieved from NCBI database. The crystal structure of SIRT1 (PDB ID:
5BTR) was analyzed by a basic local alignment search tool (BLAST) and was chosen as a
template for further study. Further, structural modeling was done using SWISS-MODEL
web-based server (https://swissmodel.expasy.org/). PROCHECK at the SAVESV6.1 server

(https://saves.mbi.ucla.edu/) was used for stereochemical quality check and model validation.

1.3.21. Identification of natural product and ligand Preparation

A rigorous literature review and the Indian Medicinal Plants, Phytochemistry And
Therapeutics (IMPPAT 2.0) database identified Hyperforin, obtained from Hypericum
perforatum [25]. PubChem database (https://pubchem.ncbi.nlm.nih.gov/) was accessed for
the 3D structure of selected ligands SIRT1 Inh 111 (CID: 5113032) and Hyperforin (CID:
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441298). The PDB format of the ligands was obtained from Open Babel [26]. The properties

of the ligands can be found in Table 2.

Table 2: Properties of SIRT1 Inh I1l and Hyperforin curated from PubChem database

Compound Source PubChem 2D Structure
CID
SIRTL Inh 111 Synthetic 5113032 N

\

Hyperforin Aerial  part, flower of | 441298

Hypericum perforatum

1.3.2J. Molecular docking and visualization

A combination of different software namely Open Babel, AutoDock, and AutoDock Vina
under PyRx v0.8 tool was used to perform molecular docking [27]. Discovery Studio
software and Protein-Ligand Interaction Profiler (PLIP) web server (https://plip-

tool.biotec.tu-dresden.de/plip-web/plip/index) was used to understand the non-covalent

interactions between protein-ligand complexes. The entire protein-ligand complex was
accommodated within the Vina grid box [28]. The visualization of the molecular interactions

was performed by PyMolv2.6.0 tool.
1.3.2K. Drug likeness studies

Molinspiration cheminformatics server (http://www.molinspiration.com/) was used to

understand the physiochemical properties of SIRT1 Inh I11 and Hyperforin. Lipinski’s rule of
five: molecular weight <500g/mol, H-bond acceptors <10, H-bond donors <5, logP <5, and
compounds violating more than one rule are less likely to be orally bioavailable was used to

understand the Drug likeness agenda [29].
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1.3.2L. Investigation of pharmacokinetic profile of ligands

To investigate the pharmacokinetic and physiochemical properties and toxicity profile of the
ligands, PubChem database was used to deduce the SMILES structure of the ligands. pkCSM

server (https://biosig.lab.ug.edu.au/pkcsm/prediction) was used to understand the

pharmacokinetic properties such as absorption, distribution, metabolism, excretion, (ADME)

and toxicity profile of the ligands [30].
1.3.2M. Molecular dynamics simulation and trajectory analysis

GROMACS 2024.3 was used to conduct the Molecular dynamics (MD) simulation of the
protein—ligand complex using the CHARMMZ27 force field to establish the protein topologies
[31]. TIP3 water model was used to solvate the protein and complexes 1.0nm in a
dodecahedron box under the neutralizing effect of sodium (Na+) ions in the solvated system.
Linc's constraint algorithm and steepest descent technique were used to reduce the energy
consumption of the system. To create the conditions of a general experiment, the temperature
and pressure of the system were set to 300K and one atmospheric pressure [32]. Velocity-
rescale thermostat with a reference temperature of 300K was implemented to perform the
canonical ensemble of the complexes (NVT thermal equilibration) as well as the isobaric-
isothermal ensemble (NPT pressure equilibration) for 100ps. 100ps time steps were used to
conduct the final MD production run for 50ns. The MD trajectories of the protein-ligand
complexes were examined to assess the structural stability using root mean square deviation
(RMSD), root mean square fluctuation (RMSF), and radius of gyration (RG). Solvent
accessibility and strength of interactions were assessed by Solvent-accessible surface area
(SASA), hydrogen bond interactions, and hydrogen bond pair lengths analysis. The resulting

plots were visualised under the XMGrace software [33][34].
1.3.2N. Haematoxylin and Eosin staining

Deparaffinization of the mice tissue slides was done by xylene treatment and rehydrated
using alcohol gradient, followed by addition of Mayer's hematoxylin for 30s. To remove the
excess stain, the slides were subjected to washing with distilled water, followed by addition
of 1% eosin Y solution to the slides for 10-30s and then washed again using distilled water.
The slides were again dehydrated using an alcohol gradient followed by xylene treatment and
DPX mount. The images of H&E staining were captured under a brightfield compound
microscope (OLYMPUS CX40) [35].

33


https://biosig.lab.uq.edu.au/pkcsm/prediction

Chapter 1

1.3.20. Scratch assay

SKOV3 cells were seeded and allowed to grow in 35mm dish for 24hrs. A scratch was drawn
using 200ul micropipette tip and treated with the drug for 24 hrs. Nikon ECLIPSE Ts2
inverted microscope was used to take the images of the control and treated plates after

completion of the treatment [36].
1.3.2P. Establishment of in-vivo OvCa mice model

Intraperitoneal injection (i.p.) of 7x10° 1D8 cells suspended in 700ul 1X PBS was executed
in 6 to 8 weeks old C57BL/6 mice (N=8) were taken for the experimental study (Proposal
No. IAEC-1774/NC-4/2022/16). After 8 weeks of inoculation, animals were monitored and
treated with EX527 (10 mg/kg) diluted in sterile 1X PBS, intraperitoneally every week. After
treatment for 4 weeks, the mice were monitored for survival and sacrificed for further

experiments [37][12].
1.3.2Q. Flow cytometry

2x10° primary cells of mice ovarian tumor and normal ovary obtained after collagenase IV
processing were inoculated in a 60mm petri dish under non-treated (Con) and treated
condition (SIRT1 Inh 1Il) categories. To analyze the apoptotic rate as well as the ROS
generation under the treatment conditions mentioned above, AnnexinV and 5(6)-Carboxy-
2", 7"-dichlorofluorescein diacetate (DCFDA), under individual experimental conditions, were
added and incubated for 2hrs and 30min at RT in the dark, respectively. BD LSRFortessa
flow cytometer was used to analyze the data [38] and FlowJo software was used to analyze

the data.
1.3.2R. Statistical analysis

The colocalization and mean fluorescence intensity (MFI) of the fluorescent images were

analyzed using the Fiji-ImageJ software (https://imagej.net/Fiji). FlowJo software was used to

analyze the flow cytometric data. GraphPad Prism (v8.0) was used for Two-way ANOVA
and Student’s t-test and prepare respective graphs wherever applicable. P<0.0001 and P<0.05

were considered to be statistically significant. [22].
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1.4. Results

1.4.1. SIRT1 and TP53 are genomically altered in OvCa showing higher protein expression

in tumor samples with a grade-wise increase

TCGA database in Chioportal revealed that the gene alteration frequency of SIRT1 is highest
in OvCa (20%) (Figure 1A). However, gene alteration frequency and mutation of tumor
suppressor TP53 was more than SIRT1 in OVCA (100%) (Figure 1B). 0.7% somatic mutation
frequency of SIRT1 was observed having no driver mutation. However, variant of uncertain
significance (VUS) was recorded to be 25 which includes missense (21), truncating (3),
inframe (1) (Figure 1C). Simultaneously, the somatic mutation frequency of TP53 was 33.8%
along with 746 missense, 326 truncating, 31 inframe, 94 splice, 11 fusion (driver mutations)
and 7 VUS (5 missense, 1 truncating, 1 inframe) (Figure 1D). Despite TP53 mutation
frequency being higher, SIRT1 mutations report an alarming threat in 20% of cases, making it
a potent target to be investigated. Upon analyzing the protein level from the CPTAC
database, it was revealed that the protein level of both SIRT1 and TP53 was significantly
higher in the tumor than in normal (Figure 1E), along with their increase in level with
advanced grades of the disease (Figure 1F). Furthermore, the SIRT1 expression was found to
be elevated in the TP53 mutant samples than in the non-mutant ones, as revealed by TCGA

analysis (Figure 1G).
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Figure 1. A. Frequency of genetic variation of SIRT1 in different TCGA cancer types from
the CBioportal; B. Frequency of genetic variation of TP53 in different TCGA cancer types
from the CBioportal; C. Types of mutations in SIRT1 and the mutation sites; D. Types of
mutations in TP53 and the mutation sites; E. Protein expression of SIRT1 and TP53 in
normal and primary tumor from CPTAC database; F. Protein level expression of SIRT1 and
TP53 in tumor grade from CPTAC database; G. Expression of SIRT1 in TP53 mutant and

non-mutant samples in the MRNA level from TCGA database.
1.4.2. Expression of SIRT1 and p53 increased in OvCa tumor tissues as compared to normal

The colocalized expression of SIRT1 and p53 increased in the tumor as compared to the
adjacent normal tissues. However, the expression of SIRT1 and p53 exhibited a non-
significant relation in the tumor, however, their individual expression was higher in the tumor
as compared to the normal (Figure 2A). SIRT1 and p53 expression was higher in the tumor as
compared to the normal tissue, as revealed by IHC analysis. It was observed that SIRT1

expression increased with an increase in H-score for p53 (Figure 2B).
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Figure 2. A. MFI and colocalized expression of SIRT1 and p53 in adjacent normal and tumor
tissues by IF analysis; B. Area of expression of SIRT1 and p53 in adjacent normal and tumor
tissues by IHC analysis. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

1.4.3. OS and DFS of SIRT1 and p53 in OvCa patients

Surprisingly, the PrognoScan database (OS/DFS) for SIRT1 and p53 revealed that high
SIRT1 levels affected the OS/DFS of the OvCa patients as compared to the increased
expression of p53 (Figure 3A-B). Thus, we proceeded with SIRT1 for further investigation.
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Figure 3. A. OS and DFS of SIRT1 from PrognoScan database; B. OS and DFS of p53 from
PrognoScan database. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

1.4.4. Identification of SIRT1 with other associated genes in OvCa

SIRT1 is linked with 45 nodes and 459 edges of associated interacting genes (Figure 4A).
Hub genes analysis revealed 3 clusters by haircut cluster finding method (k-core=2). 27 nodes
and 246 edges with a score of 18.923 comprised Cluster 1 (Figure 4B). The Maximal Clique
Centrality (MCC) method revealed EGFR, PTEN, MYC, CDK2, AKT1, IL-6, FOXO3, IL-
1B, TP53 and SIRT1 as core genes to be targeted (Figure 4B). GO analysis of the targetable
proteins multiple regulatory processes in OvCa (Figure 4C) including positive regulation of
cell migration pathways. Cytokines involvement and modulation of AKT signaling along
with TP53 degradation were evaluated by Reactome analysis (Figure 4D). KEGG analysis
demonstrated that pathways in cancer (hsa05200), PI3K-AKT signaling pathway (hsa04151)
are altered under the regulatory effect of MCODE analyzed gene set (Figure 4E).
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Figure 4. A. PPI network of SIRT1 by the STRING database; B. Top MCODE cluster in the
Cytoscape with the top 10 hub genes within the network (EGFR, PTEN, MYC, CDK2,
AKT1, IL-6; C. GO analysis of the MCODE genes; D. Reactome analysis of the MCODE
genes; E. KEGG pathway enrichment analysis of the MCODE genes.
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1.4.5. Analysis of signaling cascade modulated by SIRT1 and its associated molecules

GSVA score of the MCODE set of genes revealed EMT and immune cells infiltration to be
associated with the genes in OvCa (P <0.05; *# FDR<0.05) (Figure 5A). Th17, cytotoxic T
cells, B cells, Thl cells are significantly mutant regulated by the MCODE set of genes
(Figure 5B). Amplification (homozygous: 1.55%; heterozygous: 21.76%) and deletion
(homozygous: 0.35%; heterozygous: 26.08%) occurred in SIRT1 and associated genes in
OvCa were assessed by CNV analysis (Figure 5C). The CNV of these genes is significantly
associated with mRNA expression (FDR<0.05) that incorporates multiple genes (Figure 5D).
Additionally, TP53 has the highest SNV frequency (90.53%) in OvCa (Figure 5E).
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Figure 5. A. MCODE gene set effect on various OvCa related pathways and immune cells’
infiltrates; B. Immune cells (Mutant vs. Wild type) associated with OvCa; C. Heterozygous
and homozygous CNVs of the gene set in OvCa; D. Correlations between CNVs of the gene
set with the mRNA expression in OvCa; E. SNV percentage heatmap of the gene set in
OvCa.

1.4.6. Molecular Docking Study

Molecular docking analysis revealed SIRT1 Inh Il to be more potent than Hyperforin in
inhibiting SIRT1, PI3K, and AKT. Non-covalent bonds (Hydrogen bonds, hydrophobic
bonds, salt bridges, and n-cation interactions) were determined (Table 3) and the schematic of
the molecular docking study is reflected in Figure 6A-F.
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Figure 6. 3D Interaction and 2D Interaction representation of A. SIRT1-SIRT1 Inh IlI; B.
SIRT1-Hyperforin; C. PI3K-SIRT1 Inh IlI; D. PI3K-Hyperforin; E. AKT-SIRT1 Inh Ill; and

F. AKT-Hyperforin complex.
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SIRT1 Inh 111 and Hyperforin showed free binding energy -8.6 and -6.9 kcal/mol with SIRT1,
respectively. SIRT1 Inh 11l and Hyperforin with PI3K revealed that free binding energy -7.2
and -7 kcal/mol, respectively. Additionally, SIRT1 Inh Ill and Hyperforin have a binding
energy of -7.4 and -6.8 kcal/mol, respectively with AKT (Table 3).

Table 3. Summary of molecular docking analysis results of SIRT1 Inh Il and Hyperforin
with target proteins

Target Ligand Binding No. of | H-bond | No. of non- | Non-covalent
with PDB energy H- forming covalent | bond forming
ID (kcal/mol) | bonds | residues | interactions residues
SIRT 1 SIRT1 Inh -8.6 - - 4 F105, 1155,
i H171, V253
Hyperforin -6.9 2 K216, 5 K183, K216,
N225 E218, E224,
p227
PI3K SIRT1 Inh -7.2 2 R818, 3 Q630, 1633,
(5DXT) i C838 R818
Hyperforin -7 2 R398, 4 R398, P609,
D646 Q643, L648
AKT SIRT1 Inh -7.4 1 D292 6 F161, L181,
(3QKK) i 1186, E191,
L295, E198
Hyperforin -6.8 4 G159, 6 F161, V164,
T160, K179, L181,
F161, E198, E278
G162

1.4.7. Drug likeness property analysis

In comparison to Hyperforin (miLogP value 8.39 > 5), SIRT1 Inh 11l (miLogP value 2.51 <
5) indicated that SIRT1 Inh I11 can be absorbed efficiently. TPSA (total polar surface area) of
both Hyperforin and SIRT1 Inh Il were less than 140 A, suggesting the good absorption
capacity of both the ligands. nROTB (number of rotatable bonds), a topological characteristic
that measures molecular flexibility and drug's oral bioavailability, was investigated as well
[39]. SIRT1 has 1 ROTB and Hyperforin has 11 ROTB, suggesting that the ligands were
flexible enough. SIRT1 Inh III followed ‘Lipinski’s Rule of 5° without any violations, while
Hyperforin showed 2 violations (Table 4).
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Table 4. Drug-likeness property analysis of SIRT1 Inh 111 and Hyperforin through
Molinspiration sever

Compound MW miLogP | HBA | HBD | nROTB | TPSA | Lipinski
Name (g/mol) (25 | (<10) | (<5) | (<10) (A2) | Violation
(<500g/mol)
SIRT1 Inh I 248.71 2.51 3 3 1 58.88 0
Hyperforin 536.8 8.39 4 1 11 71.44 |2

1.4.8. ADME/T Profiling
1.4.8A. Absorption property analysis

The crucial parameters for drug bioavailability prediction are the Caco2 permeability and
Human intestinal absorption (HIA). Both SIRT1 Inh 11l and Hyperforin could be easily
absorbed through the human intestine as they have good HIA values (predicted HIA value >
30%) [30]. SIRT1 Inh Il serves as the substrate of permeability P-glycoprotein which is
abundantly present in epithelial cells. SIRT1 Inh Il and Hyperforin could modulate the
physiological roles of P-glycoprotein, as both were predicted to be P-glycoprotein | and P-

glycoprotein Il inhibitors, respectively. The detailed profiling is reflected in Table 5.

Table 5. Predicted absorption properties of compounds

Ligands SIRT1 Inh 11l Hyperforin

Water solubility

(log mol/L) -3.823 -3.893
Caco2 permeability (log Papp in 10-6 cm/s) 1.219 1.055
Human intestinal absorption (%) 91.742 98.386
Skin permeability (log Kp) -3.183 -2.715
P-glycoprotein substrate Yes No
P-glycoprotein | inhibitor No Yes
P-glycoprotein Il inhibitor No Yes

1.4.8B. Distribution property analysis

SIRT1 Inh 11l showed a higher value of Volume of distribution at steady-state (VDss),
illustrating that it can be easily distributed in plasma or tissue. The central nervous system
(CNS) permeability also revealed that they can’t harm the central nervous system as they

have little brain access (Table 6).
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Table 6. Predicted distribution properties of compounds

Ligands VDss Fraction unbound BBB CNS
(log L/kg) (human) (Fu) permeability (log | permeability
BB) (log PS)
SIRT1 Inh 0.455 0.208 0.003 -1.957
i
Hyperforin -0.64 0 -0.237 -1.304

1.4.8C. Determination of metabolic fates

The primary detoxification enzyme in the body is cytochrome P450 (CYP) isozymes,
primarily found in the liver. CYP enzyme inhibition or activation is important for drug
interaction and can lead to unexpected side effects or even treatment failures, thereby making

these findings important in the study [40]. The details are illustrated in Table 7.

Table 7. Predicted metabolic fates of compounds

Ligands CYP2D6 | CYP3A4 | CYP1A2 | CYP2C19 | CYP2C9 | CYP2D6 | CYP3A4
substrate | substrate | inhibitor | inhibitor | inhibitor | inhibitor | inhibitor
SIRT1 Inh 11 No No Yes Yes No No No
Hyperforin No Yes No No No No No

1.4.8D. Excretion property analysis

The chemicals may be eliminated through alternative paths, such as faeces, bile, or sweat to
prevent interactions with other medications as both the compounds serve as substrates of the

renal organic cation transporter-2 (OCT2), (Table 8).

Table 8. Predicted excretion properties of compounds

Ligands Total clearance (log ml/min/kg) | Renal OCT2 substrate
SIRT1 Inh 11 -0.127 No
Hyperforin 0.664 No

1.4.8E. Toxicological property determination

AMES toxicity test showed non-carcinogenic nature of both the compounds along with no
hepatotoxic properties. The human ether-a-go-go-related gene (hERG), responsible for
translating a subunit of the voltage-gated potassium ion channel Kv11.1 [41] was not
inhibited by either of the compounds. Additionally, both the compounds were not linked to

skin sensitivity, (Table 9).
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Table 9. Predicted toxicological profile of compounds

Ligands AMES hERG 1 | hERG Il | Hepatotoxicity Skin
toxicity | inhibitor | inhibitor sensitivity

SIRT1 Inh 111 No No No No No

Hyperforin No No No No No

1.4.9. MD simulation of complexes

The study involved the following protein-ligand complexes: i) SIRT1 with SIRT1 Inh 111, ii)
SIRT1 with Hyperforin, iii) PI3K with SIRT1 Inh 111, iv) PI3K with Hyperforin, v) AKT with
SIRT1 Inh 11, and vi) AKT with Hyperforin. These complexes were analyzed to examine

their interactions and stability in a simulated biological environment.
1.4.9A. RMSD and RMSF analysis

SIRT1 Inh Il displayed lower RMSD (0.252 + 0.042nm) for AKT protein, indicating it
maintained a relatively stable conformation during the simulation with very little fluctuations
whereas higher RMSD in the case of SIRT1 (0.842 + 0.301nm) and PI13K (0.509 £ 0.113nm)
was observed, that demonstrate more deviation from the initial conformation than Hyperforin
(Table 10). During simulation, both SIRT1 Inh 11l and Hyperforin were stabilized between
30ns and 45ns for SIRT1. However, between Ons and 10ns, the backbone of PI3K-Hyperforin
complex was deviating. However, a deviation of PI3K-SIRT1 Inh Il complex was observed
between Ons and 12ns and also between 37ns and 40ns. All the complexes were stabilized
after 15ns except SIRT1- SIRTL1 Inh 11l complex and AKT-Hyperforin. A lower RMSF for
SIRT1 (0.122 + 0.11nm) and AKT (0.087 + 0.042nm) was observed in case of SIRT1 Inh Il
revealing that its residues are less flexible and exhibit less fluctuations than Hyperforin.
However, the complexes revealed higher RMSF in case of PI3K (0.135 £ 0.05nm), indicating
the effect on binding stability of greater flexibility in some regions (Table 10) and
represented in Figure 7A-B.
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Figure 7. A. RMSD of the backbone of protein-ligand complexes; B. RMSF of protein-
ligand complexes at the residual level. The colour code for the respective protein-ligand

complexes is shown at the top of the figure.
1.4.9B. Rg and SASA determination

A compact protein-ligand complex was observed in case of SIRT1 Inh Il by revealing a
better Rg for SIRT1 (2.138 = 0.026nm) and AKT (2.071 + 0.008nm). However, Hyperforin
displayed better Rg for PI3K (3.063 + 0.011nm) (Table 10). A relatively lower solvent
exposure suggested a more buried binding pose for SIRT1 Inh 11l with a lower SASA for
SIRT1 (176.725 £ 4.695nm?) and AKT (166.511 + 2.95nm?) whereas, Hyperforin displayed a
lower SASA for PI3K (404.217 + 4.457nm?2) (Table 10). A variation in H-bond formed
between target proteins and inhibitor was observed between 0 to 5 during 50ns simulation

(Figure 8A-B).
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Figure 8. A. Rg upon binding with ligands; B. SASA upon binding with ligands; B. Inter-
molecular hydrogen bonds between ligands and target proteins. The colour code for the

respective protein-ligand complexes is shown at the top of the figure.
1.4.9C. Number of H-bonds and relative distance measurement

A greater number of H-Bonds for PI3K (1.06) and AKT (1.118) was high in case of SIRT1
Inh 111, indicating consistent and strong interactions with the target protein (Table 10). To
assess the H-bond strength, the pair distance between the donor and the acceptor was also
analyzed. The average pair distance for all three proteins was lesser for SIRT1 Inh 11 than

Hyperforin, suggesting increased binding strength (Figure 9A-B).

50



Chapter 1

IS RT1 Inh 1T S yperforin

A

A
nemro

£ a0

Time (ns)

Number of H-Bonds

o
Time (ns)

Figure 9. A. Number of H-bonds determination; B. Hydrogen bond pair distance between
acceptor and donor of protein-ligand complexes. All MD simulation trajectory analysis was
done over 50ns for SIRT1, PI3K, and AKT, respectively. The colour code for the respective

protein-ligand complexes is shown at the top of the figure.

Table 10. Average values of RMSD, RMSF, Rg, SASA, and distance between acceptor and

donor, and no. of H-bonds in protein-ligand complexes

Target with
SIRT 1 PI3K (5DXT) AKT (3QKK)
PDB ID
Ligand SIRTL Hyperforin SIRTL Hyperforin SIRTL Hyperforin
Inh 111 Inh 111 Inh 111

RMSD | Mean 0.842 0.489 0.509 0.486| 0.252 0.525
(nm) SD 0.301 0.37 0.113 0.047 0.042 0.263
RMSF | Mean 0.122 0.285 0.135 0.126 | 0.087 0.094
(nm) SD 0.11 0.292 0.05 0.054 | 0.042 0.047
Rg Mean 2.138 2.271 3.082 3.063 2.071 2.089
(nm) SD 0.026 0.05 0.011 0.011| 0.008 0.011
SASA | Mean | 176.725 182.877 | 405.936 404.217 | 166.511 168.586
(nm2) | SD 4.695 5.621 3.738 4.457 2.95 2.573
Mean H-bonds 0.419 1.618 1.06 0.032 1.118 0.952
Pair Mean 1.161 1.69 1.16 2.354 1.237 1.447
distance
(hm) SD 0.257 0.07 0.082 0.046 | 0.039 0.158
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1.4.10. In-vitro analysis of SIRT1 Inh 111 potential

Since SIRT1 Inh 11l has a better binding affinity than Hyperforin for all target proteins, we
conducted in-vitro analysis to evaluate its efficacy. It showed a lower ICs value on SKOV3
(0.1606M) as represented in Figure 10A. The wound healing assay revealed positive results
for SIRTL1 Inh Il with a decrease in migratory potential of the SKOV3 cells where
percentage confluency decreased under the treated conditions after 24hrs whereas the
percentage inhibition increased after the 24hrs treatment with SIRT1 Inh 11l as compared to
the control (Figure 10B).
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Figure 10. A. MTT analysis of SIRT1 Inh Ill in SKOV3 cells; B. Analysis of migration of
SKOV3 cells by scratch assay in control and treated groups. (*P<0.05, **P<0.01,
***P<0.001, ****P<0.0001)

1.4.11. In-vivo analysis of SIRT1 Inh 111

The schematic of establishing the in-vivo model for OvCa in C57BL/6 mice and the treatment
regime is illustrated in Figure 11A. The survival status increased and the death rate decreased
under the treated group (Figure 11B). Additionally, the number of peritoneal implants and
volume of ascitic fluid were significantly reduced in the treated ones (Figure 11C-D). The
individual organs are represented in Figure 11E. The tumor-infiltrating lymphocytes (TILS) in
ovarian tumor were higher under treatment conditions than the non-treated ones, revealing

the recruitment of immune cells in treating the disease by H&E staining (Figure 11F).
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Figure 11. A. Schematic representation of the development of OvCa in C57BL/6 mice and

treatment doses; B. Analysis of survival and death under control (Con) and treatment
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condition; C. Estimation of ascites volume in con and treatment condition; D. Estimation of
the number of discrete peritoneal implants under con and treatment condition; E.
Representation of individual organs under con and treated groups; F. Representation of TILs
count in con and treated categories in ovarian tumor; (*P<0.05, **P<0.01, ***P<0.001,
****P<(0.0001)

1.4.12. Apoptotic cells and ROS generation analysis with expression of proliferation and
epithelial markers

Annexin V+ cells increased under the treatment condition (Figure 12A), revealing the cells to
be apoptotic. Surprisingly, ROS producing cells were higher under the treated conditions as
compared to the control (Figure 12B). Furthermore, the Ki-67 (Figure 12C), a-SMA (Figure
12D), Fibronectin (Figure 12E) and Collagen (Figure 12F) expression status decreased

considerably under the treated group as compared to the non-treated ones.
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Figure 12. A. Flow cytometric analysis of percentage of Annexin V+ cells in con and treated

groups; B. Flow cytometric analysis of percentage of DCFDA+ ROS producing cells in con
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and treated groups; C. Expression status of Ki-67 by IHC in con and treated groups; D.
Expression status of a-SMA by IHC in con and treated groups; E. Expression status of
Fibronectin by IHC in con and treated groups; F. Expression status of Collagen by IHC in
con and treated groups. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

1.5. Discussion

SIRT1 along with p53 family, Nuclear factor-«B family and FOXO transcription factors play
pivotal roles in cell survival and cell death [42]. The role of SIRT1 as a tumor promoter is
validated in OvCa [22] and HCC [43]. Upon pan-cancer analysis of the expressional and
mutational status of SIRT1 and p53, it was observed that both were highly expressed and
mutated in OvCa. We also observed that their protein expression was higher in the tumor
samples as compared to the normal. Additionally, their expression level increased with
increase in grade of the disease. Interestingly, SIRT1 was highly expressed in the p53 mutant
samples as compared to the non-mutant ones. To validate these observations, we have
deduced similar results in their colocalized expression in clinical samples where the
expression levels of SIRT1 and p53 increased in the tumor ones as normal ones. Interestingly
Under this doctrine, to validate our observations, the underlying mechanism revealed that p53
being deacetylated by SIRT1 would have been expressed less but since it is mutated it
acquires gain of function, resulting its overexpression which in turn triggers its oncogenic
functionalities. The overexpressed p53 gets highly accumulated in the cytosol as its
translocation into the nucleus is blocked which might augment the tumor promoting functions
of SIRT1 by increasing its expression level [44]. Additionally, intracellular ROS is increased
due to stimulated mitochondrial O, causing damage to mitochondrial DNA due to their
abnormal accumulation upon blockage of the SESN/AMPK complex by p53-R175H, p53-
R248H, and p53-R273H (mutant variants of p53). This baseline mechanism aids the survival
and proliferation of the cancer cells [45]. The OS and DFS in SIRT1 overexpressed patients
were lower as compared to the p53 mutant patients thus, we proceeded for further studies
with SIRT1 and its inhibition with SMIs and natural products still needs attention to improve

the survival rates of the patients.

Furthermore, it was evaluated that positive regulation of cell migration, regulation of
cytokines, regulation of TP53 degradation, receptor tyrosine kinase signaling, PI3K/AKT
pathway are regulated by SIRT1 and its associated genes like AKT1, PTEN, PIK3CA, MMP2,
MMP9, IL-6, PTGS2, EGFR. Previous findings demonstrate that activation of
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PIBK/AKT/mTOR pathway regulates the invasiveness and proliferation of OvCa cells [46],
which further validates our observations. GSCA analysis showed EMT to be highly regulated
by the SIRT1 and related genes. Furthermore, their significant correlation with the immune

infiltration score is also linked with the SIRT1 and associated genes.

Since SIRT1 has been established as a potent target in OvCa, we were inclined to
investigate a potent inhibitor of the molecule, either a natural product or a SMI, so that the
disease can be combatted. We investigated and found that chromones (flavone and
isoflavone) and coumarins, bichalchones are natural inhibitors of SIRT1 [10]. In this context,
we deduced Hyperforin, a natural SIRT1 Inh in the IMPPAT database, to be suitable for our
further study comparing it with SIRT1 Inh 11l (EX527) for further validation. Since we
deduced from our database mining study that EMT might be regulated by PI3K/AKT
pathway under the effect of SIRT1 and its associated molecule, we analyzed the effect of
these two inhibitors in regulating SIRT1, PI3K and AKT molecules. The molecular docking
study depicted that SIRT1 Inh Ill has a better binding energy with all the molecules as
compared to Hyperforin. We evaluated complex stability using metrics like RMSD, which
provides the average deviation of the complexed protein's backbone atom throughout the
simulation period compared to the initial complex [47]. SIRTL1 Inh I11 significantly showed
better RMSD for AKT protein. Similar to RMSD, RMSF provides the average fluctuation of
each amino acid's backbone atom during simulation concerning the initial individual amino
acid residues of the complex [47]. SIRT1 Inh 111 displayed better RMSF for SIRT1 and AKT.
Rg is a key measurement in biophysical research that provides vital information about the
spatial arrangement and conformational compactness of proteins and SASA is the surface
area (nm?) of a molecule that can directly interact with the solvent [48][49]. In this case,
SIRT1 Inh I also showed better Rg and SASA for SIRT1 and AKT. Additionally, we
assessed the average number of hydrogen bonds formed between the target protein and the
ligand to ensure the strength of molecular interactions throughout the simulation [50][51].
Our potent inhibitor SIRT1 Inh 111 showed more inter-molecular H-bonds in the case of PI3K
and AKT. The hydrogen bond pair distance between the donor and the acceptor was also
analyzed to assess the strength of the H-bond. Here we could see that SIRT1 Inh 111 had less

pair distance for all the proteins, indicating a great potential for inhibiting their functions.

Furthermore, Hyperforin violated Lipinski’s rule of 5 by not following two
fundamental properties (molecular weight >500g/mol and logP >5) whereas SIRT1 Inh IlI

passed all the rules. Additionally, according to IMPPAT 2.0, Hyperforin violated different
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important rules like Ghose rule, Veber rule, Egan rule, GSK 4/400 rule, Pfizer 3/75 rule, and

QEDw score (Weighted quantitative estimate of drug-likeness).

These findings proved SIRT1 Inh 111 to be a more potent inhibitor SIRT1 as compared
to Hyperforin and thus continued our further investigations in in-vitro and in-vivo models to
validate the potential of the SMI in OvCa. The results of in-vitro analysis revealed that SIRT1
Inh 111 retarded the migration of the OvCa cells. Furthermore, in-vivo analysis also
corroborated our findings, revealing that the survival rate increased and the death rate
decreased in the treatment group, proving SIRT1 Inh 11l to be a potent inhibitor of OvCa.
Additionally, the ascites volume and number of peritoneal implants also decreased in the
treatment category as compared to the control group. The inhibitor also triggered apoptosis in
the cancer cells by generating greater levels of ROS in the treatment group. The proliferation
of the cancer cells was reduced, as evident from the lowered expression status of Ki-67 in the
treatment group. The positive expression of EMT marker a-SMA in serous and clear cell
OvCa cells demonstrated the mesenchymal attributes in the cancer cells [52]. Furthermore,
collagen and other ECM components were found to be overexpressed in numerous OvCa
drug-resistant cell lines, suggesting their crucial roles in mediating drug resistance in OvCa
[53]. Fibronectin was found to be highly expressed in primary tumor, validating its role in
metastasis [54]. Surprisingly, we deduced their lower expression in the treatment group as

compared to the control.

Despite the presence of multiple regulatory and modulatory molecules in OvCa,
SIRT1 has proved to be one of the most potent factors that can be targeted in combatting the
disease. Keeping in mind the cytotoxicity caused by the synthetic drug over natural
inhibitors, when we opted Hyperforin after a strenuous investigation of searching for a potent
natural inhibitor and compared it with the SMI, our study revealed that the SMI was the more
potent inhibitor as compared to the natural one. These derivations show that the SIRT1 Inh 11
performs a pivotal role in controlling the growth and migration of the OvCa cells and can be

implemented as a potent SIRT1 Inh for further experiments.
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Chapter 2

2.1. Introduction

Early diagnosis in OvCa is challenging to monitor due to the local invasion of the cancer cells
into the deep pelvis and their seeding in peritoneal organs which leads to metastasis.
Therefore, despite the presence of multiple biomarkers, a reliable diagnostic and prognostic
factor is necessary to detect the disease at an early stage. The OvCa tumor exhibits highly
heterogeneous histopathological and clinical attributes that make the assessment of the
disease strenuous at the early stage. However, serum cancer/carbohydrate antigen-125 (CA-
125), an endogenous glycoprotein generated by neoplastic OvCa cells has proven to be an
effective tumor marker that correlates effectively with tumor load and can be easily measured
[1]. Additionally, effective tumor molecular markers like proliferation markers Ki-67, p53,
estrogen receptors, progesterone receptors, E-cad in OvCa tissues are analyzed by
immunohistochemical analysis for better diagnosis [2][3]. The expression levels of all these
markers depict the metastatic properties of the cancer cells. Thus, keeping in mind that
altered metabolism is a hallmark of cancer and metabolic deregulation onsets the process of
metastasis [4], we were inclined to investigate their associated modulatory effect on OvCa
aggressiveness, which needed further exploration. Additionally, important nutrients are
supplied to the cancer cells by upregulated interconnected metabolic cascades. This metabolic
plasticity allows them to effectively adapt to the rapid metabolic alterations in the TME for
their survival, proliferation and invasiveness [5]. Moreover, the involvement of metabolic

reprogramming in elevating the longevity of the cancer cells is evident [6].

Metabolic plasticity and metabolic flexibility are two intertwined concepts that
instigate the cancer cells to survive either by utilizing one metabolite to fuel the multiple
metabolic necessities required for distinct stages of the metastatic cascade or by using
different metabolites to meet the same metabolic requirements by a particular step of the
metastatic pathway [7]. Additionally, as we know, that the cancer cells undergo Warburg
effect with upregulated glucose metabolism [8] and NAD serve as the thus, to understand the
altered metabolic bioenergetics, Along with the tumor markers being assessed for diagnosis,
in this research work we have analyzed the expression status of SIRTI, as it is a NAD-
dependent enzyme and performs as a metabolic sensor by its deacetylating property that
regulates the cellular metabolic homeostasis [9]. Literature reveals the multifarious roles of
exosomes in reprogramming the cellular metabolism which in turn promotes the alterations in

the tumor milieu by increasing the proliferation, invasion, angiogenesis, immunosuppression
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that eventually augments the metastasis [10]. Exosomes are responsible for intercellular
communication by unloading their cargoes into the recipient cells thereby promoting

peritoneal dissemination [11].

Metabolic alterations have a huge contribution in promoting cancer cell progression
and metastasis thus the migrating cancer cells from the primary to the secondary site, there is
a demand for them to adapt to metabolic state in the newly developed TME. Amino acids like
asparagine, proline, serine, metabolic byproducts like pyruvate, acetate, lactate along with by-
products released by fatty acid oxidation (FAO) help the migrating cancer cells to adapt and
proliferate at the new site by providing adequate energy for their survival [12]. Secondly,
metastasis is aided by the production of CO», lactate, and other organic acids leading to the
formation of an acidic extracellular space which degrades the ECM [13]. Furthermore,
abruptions in the enzymatic reactions involved in glycogen metabolism lead to higher
glycogen synthesis and storage which aid the cancer cells in growing and promoting
metastasis [14]. Evidence reveals that FAO aids the OvCa cells metabolically at a higher rate
than aerobic glycolysis by providing increased ATP that nurtures the cancer cells thereby
promoting their growth and proliferation [15]. Increased glycogen storage augments the
glycolytic pathway in the cancer cells in nutrient scarcity and metabolically stressed TME
[16]. A hypoxic condition prevails in the TME due to lower oxygen levels which in turn
metabolically regulate the cancer cells to secrete a higher number of exosomes [17][18].
Hypoxia-inducible factor 1a (HIF-1a) regulates the hypoxic TME and thus affects the cancer
cell metabolism and exosomes secretion. So, in this cohort study, we explored diagnostic
serum levels of CA-125 and correlated these with additional clinical parameters and based on
the significant correlated clinicopathological parameters discussed the expression of
metabolic and metastatic biomolecules in this cohort which may subsequently be proved as

therapeutic targets and biomarkers for early diagnosis.

2.2. Specific objectives
e Analysis of the prevalence of clinicopathological parameters and their association
with CA-125.
e Analysis of metabolic and metastatic markers in the OvCa tissues.

e Identifying risk factors for developing OvCa with survival analysis.
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2.3. Materials and Methods
2.3.1. Materials
The antibodies and reagents used in the study have been enlisted in Table 1.

Table 1. List of reagents

Serial Reagent Name Company Catalogue No.
No.

1. |Hematoxylin Solution ABCAM ab220365
(Mayer's, Modified)

2. |DAB Substrate Sigma Aldrich 11718096001

3. |Collagenase Type IV Sigma Aldrich C4-22

4. |DPX new Sigma Aldrich 1005790500

5. |Schiff’s reagent Sigma Aldrich 1090332500

6. |Periodic acid Sigma Aldrich P0430

7. |Phosphate buffered saline |Sigma Aldrich P4474

8. |Xylene pure, 99% (500 |Sisco Research
ml) Laboratories Pvt. Ltd. 54717

9. |Acetic Acid Glacial Sisco Research 85801 (0129168)
extrapure AR, 99.9% Laboratories Pvt. Ltd.

10. |Methanol extrapure AR, |Sisco Research 65524
99.8% Laboratories Pvt. Ltd.

11. |eBioscience™ 1X RBC |Invitrogen 00-4333-57
Lysis Buffer

12. |Dulbecco’s Modified Sigma Aldrich D6429
Eagle’s Medium - high
glucose

13. |Rabbit polyclonal anti-  |Cell Signalling Technology D739
human SIRT1 antibody

14. |Rabbit anti-human Santa Cruz Biotechnology sc10790
polyclonal HIF-1a
antibody

15. |Mouse anti-rabbit IgG- |Santa Cruz sc-2357
HRP secondary antibody

16. |Purified mouse anti- Biolegend 349501
human CD81 antibody

17. |Anti-human CD63 Biolegend 353027
antibody

18. |Ki-67 rabbit pAB Abclonal A2094

19. |Hydrogen peroxide MERCK 88597
solution

Buffer Composition
20. |Citrate Buffer 12.044g Sodium Citrate Dihydrate; 11.341g Citric acid;
H>O to 1000mL; pH-6
21. |PBS (1X) 8g NaCl; 0.2g KCl; 1.44g Na;HPO4.7H20;
0.249 KH2PO4; HO to 1L; pH-7.4
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2.3.2. Methods
2.3.24. Study population and data collection

Institute Ethics Committee (CNCI-IEC-40104) approved the study and includes women who
visited Chittaranjan National Cancer Institute, Regional Centre, Kolkata India for their
treatment from 2019-2021. The clinicopathological characteristics included are age, BMI,
potent tumor markers like carcinoembryonic antigen levels (CEA), CA-125 and cancer
antigen 19.9 (CA-19.9), ascites level, malignancy present in ascites, degree of spread of the
disease, differentiation of tumor cells, tumor type, FIGO stage of tumor, TNM grading,
laterality of tumor and size of tumor. The relevant information was collected from the clinical

records by the attending clinicians and was kept confidential.
2.3.2B. Study design and patient sample collection

Our study included all the patients (N=248) diagnosed with OvCa irrespective of the age
criteria and histopathological characteristics. Patients irrespective of their treatment regimen
have been considered in the study. Patients with comorbidities like cardiac issues or
abdominal problems, pregnant or lactating mothers and those diagnosed with other cancer
forms were excluded from the study. Apart from a retrospective analysis of the
clinicopathological attributes, the status of factors associated with metabolic and metastatic
regulations in OvCa tissues collected from patients with CA-125 levels >35 U/ml irrespective
of the histological subtypes was analyzed to understand their expression level compared to
the adjacent normal collected from had CA-125 levels below <35 U/ml (N=21) with proper

informed consent and details were anonymized.
2.3.2C. Immunohistochemistry

Immunohistochemistry (IHC) staining was performed on paraffin-embedded tissue section
slides. Deparaffination using xylene was performed, followed by submersion in alcohol
gradient (100%, 90%, 70% and 50%) for rehydration. For antigen expression, the rehydrated
slides were subjected to submersion in 10Mm citrate buffer solution (pH 6.0), followed by
treatment with 3% hydrogen peroxide diluted in 100% methanol and incubated for 15min in
the dark. To terminate the endogenous peroxidase activity the slides were washed in 1X PBS
for S5min followed by the addition of primary antibodies of SIRT1, HIF-1a, Ki-67 and CD81
(1:500) and kept at 4°C overnight. On the following day, after washing away the unbound
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primary antibody with 1X PBS, anti-rabbit secondary antibody (1:1000) was added and
incubated for 2hrs at RT. The expression was detected by incubating the slides with DAB for
10min in the dark. In the end, as a counterstain, haematoxylin was added to the slides and
dehydration was performed using a reverse gradient alcohol wash and mounted with DPX
[19]. The images were captured in a brightfield compound microscope (Leica Microsystems:
#Model DM1000) and were further analyzed for their expression by Fiji-ImageJ software and
graphical representation by GraphPad prism.

2.3.2D. Flow cytometry

Single primary cells from the tissues were obtained after overnight collagenase IV treatment,
followed by straining and centrifugation for 10min at 2000rpm. RBC lysis buffer (1X) was
added to the single cells for Smin at RT and then centrifuged to obtain a fresh single cell
suspension [20]. The single cells were then incubated with APC/Fire tagged CD63 antibody
(1:500) for 1hr [21] and the stained cells were analyzed using a BD LSRFortessa flow
cytometer (San Jose, CA, USA) and analyzed using FCS Express 7.

2.3.2E. Periodic acid/Schiff (PAS) staining for detecting glycogen accumulation

The slides were deparaffinized using xylene for Smin followed by treatment with Carnoy’s
fixative for 10min. After rinsing the slides with distilled water, Periodic acid solution was
added for 10min for staining followed by the addition of Schiff reagent for Smin. The slides
were washed with distilled water to remove excessive stains and then dehydrated in
ascending alcohol gradient solutions (50%, 70%, 90%, 100%). DPX was used for mounting
and images were captured under a Leica brightfield microscope in 20x and 40x magnification

and analyzed using Fiji-ImageJ software [22].
2.3.2F. Statistical Analysis

IBM SPSS25 Statistics software was used for statistical analysis of the clinical records and to
prepare the frequency table and cross-tabulation for the Chi-square test. Receiver-operating
characteristic curve (ROC) and Cox regression analysis were also performed using this

software. Image analysis was performed using Fiji-ImageJ Software https://imagej.net/Fiji.

The graphs of expression status in the clinical images were prepared using GraphPad Prism
software (Version 5). Flow cytometry analysis was performed using FCS Express7 software.

P value <0.001 and <0.05 was considered statistically significant.
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2.4. Results
2.4.1. Analysis of the prevalence of clinicopathological attributes of OvCa patients’ cohort

A total of N=248 case records have been found eligible to be included in the study. Table 2
comprises the frequency distribution of the clinicopathological data of the OvCa patients. The
age group 41-60 years experienced the maximum incidence of OvCa. OvCa was prevalent in
patients with a BMI >25 kg/sq.m (overweight and obese patients). 56.9% of the patients had
higher CEA levels (=5 ng/ml). To understand the prevalence of CA-125 levels in the patients
and were categorized under four groups. The lowest number of patients had lower CA-125
(<35 U/ml). 39.9% were under the sub-category 35.1-499.9 U/ml range. 68.5% of patients
had CA 19.9 level greater than >28 U/ml and the remaining were below this level. Most of
the patients had high ascites levels, with 50% of the patients showing ascites malignancy
leading to poor survival. 41.5% of the patients experienced pelvic dissemination (PD), the
majority (50%) being poorly differentiated cancer tissues. 93.5% of the cases were epithelial
form and the remaining were non-epithelial. Most of the patients were observed to be
diagnosed at stage III, which is considered to be an advanced stage. As per TNM grading, the
T3 stage with involvement of both the ovaries and peritoneal metastasis was highest along
36.3% with regional lymph node metastasis (N1) and in 42.7% of patients, distant metastasis
(DM) was not observed (Mx). Unilateral tumor was more prevalent (62.9%) and tumor size

less than <5*5*5 ccm (63.7%) was higher in number.

Table 2. Frequency profiles of clinicopathological parameters assessed in the study subjects.

Clinicopathological
parameters Frequency (N) Percentages (%0)

Age

<18 6 2.4
19-40 53 21.4
41-60 136 54.8
>60 53 214
BMI

Underweight 25 10.1
Normal 96 38.7
Overweight/Obese 127 51.2
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Clinicopathological

parameters Frequency (N) Percentages (%0)
CEA (ng/ml)
<5 107 43.1
>5 141 56.9
CA-125 (U/ml)
<35 30 12.1
35.1-499.9 99 39.9
500-999.9 49 19.9
>1000 70 28.2
CA 19.9 (U/ml)
<28 78 31.5
>28 170 68.5
Ascites level
High 97 39.1
Moderate 83 335
Low 68 27.4
Ascites malignancy
Negative 112 45.2
Positive 136 54.8
Degree of dissemination
Pelvic Dissemination (PD) 103 41.5
Distant Metastasis (DM) 55 22.2
Localized 90 36.3
Tumor differentiation
Well differentiated 59 23.8
Moderately differentiated 65 26.2
Poorly differentiated 124 50
Tumor type
Epithelial 232 93.5
Non-epithelial 16 6.5
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Clinicopathological

parameters Frequency (N) Percentages (%0)
FIGO stage
I 58 23.4
I 65 26.2
i 72 29
v 53 21.4
T stage
T1 58 23.4
T2 82 33.1
T3 108 43.5
N stage
NO 83 335
NXx 75 30.2
N1 90 36.3
M stage
MO 81 32.7
Mx 106 42.7
M1 61 24.6
Laterality
Unilateral 156 62.9
Bilateral 92 37.1
Tumor Size (ccm)
<5*5*5 158 63.7
>5%5%*5 90 36.3

2.4.2. CA-125 level is associated with clinicopathological parameters

The distribution of the clinicopathological attributes in the patients’ cohort with respect to the

CA-125 levels recorded at the time of diagnosis has been represented in Table 3 where CA-

125 levels were categorized into low (<35 U/ml) and high (>35 U/ml). The high level was
further subcategorized into 35.1-499.9, 500-999.9, >1000 U/ml sections. A significant
correlation was observed with all the factors except with age (P = 0.1968), CEA (P = 0.0610)

and CA-19.9 (P =0.0836).
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Table 3. Association of CA-125 levels with clinicopathological parameters.

Clinicopathological
CA-125 (U/ml) a P value
parameters
Low High
<35 | 35.1-499.9 | 500-999.9 | >1000
Age
<18 1 3 2 0
19-40 8 28 9 8
12.3 0.1968
41-60 13 50 29 44
>60 8 18 9 18
BMI
Underweight 2 11 3 9
Normal 14 49 17 16 | 15.73 0.0153
Overweight/Obese 14 39 29 45
CEA (ng/mL)
<5 14 52 17 24
7.369 0.061
>5 16 47 32 46
CA 19.9 (U/mL)
<28 6 40 13 19
6.658 0.0836
>28 24 59 36 51
Ascites level
High 0 15 25 57
Moderate 5 46 19 13 135.7 <0.0001
Low 25 38 5 0
Ascites malignancy
Positive 1 39 33 63
i 79.71 <0.0001
Negative 29 60 16 7
Degree of dissemination
Pelvic
) o 3 40 29 31
Dissemination
i i 108.3 <0.0001
Distant Metastasis 0 7 13 35
Localized 27 52 7 4
Tumor differentiation
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Clinicopathological
CA-125 (U/ml) a P value
parameters
Well differentiated 21 32 4 2
Moderately
) ) 9 34 13 9
differentiated
9456 | <0.0001
Poorly
) ) 0 33 32 59
differentiated
Tumor type
Epithelial 24 92 46 70
I 14.02 0.0029
Non-epithelial 6 7 3 0
FIGO stage
I 21 32 3 2
I 9 34 13 9
114.2 <0.0001
i 0 26 22 24
v 0 7 11 35
T stage
Tl 22 31 3 2
T2 8 39 14 21 87.55 | <0.0001
T3 0 29 32 47
N stage
NO 15 38 16 14
NX 14 35 10 16 34.97 | <0.0001
N1 1 26 23 40
M stage
MO 13 31 19 18
Mx 17 58 14 17 53.25 | <0.0001
M1 0 10 16 35
Laterality
Unilateral 28 69 24 35
i 22.93 | <0.0001
Bilateral 2 30 25 35
Tumor size (ccm)
<5*5*5 3 52 39 64
714 <0.0001
>5%5*5 27 47 10 6
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2.4.3. Elevated SIRTI expression strongly correlates with higher HIF-1a expression in OvCa

tissues

In order to understand the association of SIRT1 with HIF-1a as hypoxic condition prevails in

the TME and SIRT1 is the downstream target of HIF-1a, we have analyzed the expression of

the markers in the tumor tissues and compared it with the expression in the adjacent normal

tissues. We have surprisingly observed that the expression of both SIRT1 and HIF-1a were

significantly higher in the tumor tissues and compared to the normal ones (Figure 1A-J),

which validates an association of the metabolic biomarker, SIRT1 and hypoxia marker HIF-

la. Thus, it can be deduced that hypoxic TME regulates SIRT1 expression, which in turn

plays a pivotal role in cell proliferation and disease progression.
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Figure 1. A-D. SIRTI expression in normal and tumor ovarian tissues; E. Graphical

representation of SIRT1 expression; F-I. HIF-1a expression in normal and tumor ovarian

tissues; J. Graphical representation of HIF-1a expression. (¥P<0.05, **P<0.01, ***P<0.001,

*%%%P<(0).0001)
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2.4.4. Greater secretion of exosomes is induced by SIRTI overexpression in hypoxic TME

IHC analysis of exosomal marker CD81 in the tumor tissues and the adjacent normal,
revealed its higher expression in the tumor tissues as compared to the normal tissues (Figures
2A-E). Additionally, the expression of CD63 in the cancer cells was significantly more as
normal cells (Figure 2F). This depicted that SIRT1 overexpression in hypoxic tumor milieu
modulates the exosomal secretion which in turn promotes the migration of the cancer cells by

creating a suitable niche for the cancer cells for their survival.
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Figure 2. A-D. CD81 expression in normal and tumor ovarian tissues (20x); E. Graphical
representation of CD81 expression; F. Graphical representation of CD63 in normal and tumor

tissues analyzed by flow cytometry. (¥P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001)

2.4.5. Proliferation of cancer cells is influenced by overexpressed SIRTI under higher

exosomal load

Upon analyzing the expression of proliferation marker Ki-67 by IHC, we observed its higher

expression in the cancer tissues as compared to the adjacent normal tissues (Figure 3A-E).
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This indicated that abnormal levels of SIRT1 regulate the proliferation rate of the cancer cells
by increasing Ki-67 expression, which is additionally fuelled by elevated concentrations of

exosomes in the tumor milieu and eventually promotes metastasis.

Figure 3. A-D. Ki-67 expression in normal and tumor ovarian tissues; E. Graphical

representation of Ki-67 expression. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)
2.4.6. Glycogen deposition in OvCa tissues is regulated by overexpressed SIRTI

PAS staining of the tumor tissues and normal tissues depicted significantly higher deposition
of glycogen in the tumor tissues compared to the normal ones (Figures 4A-E). This depicted
that greater deposition of glycogen in the tissues supply nutrient for the proliferating cancer
cells in nutrient deficient TME and being a storage of glucose molecules enhances the
glycolysis in the cancer cells to supply with energy for the growth of the cancer cells. Thus, in
the hypoxic TME overexpressed SIRT1 also modulates the glycogen deposition aiding the

cancer cells to survive in the TME.
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Figure 4. A. Glycogen deposition in normal and tumor ovarian tissues; E. Graphical

representation of glycogen deposition. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)
2.4.7. Overall survival is linked with the clinicopathological parameters

The ROC curve of CA-125 (Figure 5A) revealed area under curve (AUC) to be 0.719 which
was statistically significant with 327.7 U/ml of CA-125 as the best cut off point (Sensitivity =
82.4%; Specificity = 52.3%). Kaplan-Meier plots upon log rank test revealed OS of CA-125
(x2 = 26.841) was significant along with and BMI (2 = 13.473), degree of dissemination (2 =
85.033) and ascites malignancy (¥2 = 45.042) as represented in Figure 5C-E. 18.780 months
with 95% CI 17.754 - 19.805 was depicted to be the overall mean survival time for all the

factors.
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Figure 5. A. ROC curve of CA-125; B. OS graph of CA-125; C. OS graph of BMI; D. OS
graph of degree of dissemination; E. OS graph of ascites malignancy. (*P<0.05, **P<0.01,
*¥*%P<(0.001, ****P<0.0001)

2.4.8. Association of clinicopathological parameters as risk factors in the survival of OvCa

patients

Multivariate Cox regression analysis of BMI, ascites malignancy, degree of dissemination,
tumor differentiation, FIGO stage, tumor size and the tumor marker CA-125 revealed that BMI
[ Hazard ratio (HR) 1.759; 95% confidence interval (CI) 1.156 - 2.677; P=0.008], ascites
malignancy [HR 0.336; 95% CI 0.124 - 0.911; P=0.032] and degree of dissemination [HR
1.994; 95% CI 1.251 - 3.178; P=0.004] are independent predictors of the OS of the OvCa
patients (Table 4).
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Table 4. Multivariate Cox regression analysis of clinicopathological parameters on OS.

Clinicopathological Overall survival
parameters 95% CI
P value HR

Lower Upper
BMI 0.008 1.759 1.156 2.677
Ascites level 0.158 0.616 0.315 1.206
Ascites malignancy 0.032 0.336 0.124 0.911
Degree of 0.004 1.994 1.251 3.178
dissemination
Tumor differentiation 0.278 2.052 0.559 7.523
Tumor type 0.960 0.000 0.000 4.006E+185
FIGO stage 0.842 1.074 0.531 2.172
T stage 0.223 0.664 0.343 1.284
N stage 0.068 1.378 0.977 1.945
M stage 0.837 0.959 0.642 1.433
Laterality 0.650 1.123 0.681 1.850
Tumor size (ccm) 0.392 0.594 0.180 1.959

2.5. Discussion

Despite multiple advances in treatment strategies, improvement in the survival of patients
remains a challenge to the clinicians thus early diagnosis of OvCa is an absolute necessity.
The survival of the patients remains compromised despite CA-125 serving as an effective
diagnostic marker. In this context, an early detection technique for the patients is required for
better survival. In this research work, a correlation between CA-125 and clinicopathological
characteristics was established which revealed a significant relation. This provided us the
lead in targeting important targets specifically related to metabolism like BMI, degree of
dissemination, etc. as they affect the survival of the patients. Thus, upon observing this, we
have investigated the expression of SIRT1, HIF-la, Ki-67, glycogen deposition level,
exosomal burden, which provided a preliminary idea for planning the treatment regimen by
targeting them at the diagnostic level. To establish these molecules as effective biomarkers

for OvCa further research is needed.

To facilitate rapid proliferation rate and invasion, metabolic reprogramming plays a

crucial role in the process. Approximately 39 metabolically altered genes have been
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identified that were significantly correlated with the prognosis of OvCa, thus indicating the
upliftment in the research on energy metabolism [23]. SIRTI, a class III histones
deacetylases (HDACS), is considered the key metabolic regulator. SIRT1 is reported to
deacetylate histidine triad nucleotide-binding protein (HINT) 1 and thereby increase tumor
suppressive function by binding to microphthalmia transcription factor (MITF) and HINT by
enhancing its boing efficacy to B-catenin in colon cancer and melanoma [24]. In lung
adenocarcinoma, SIRT1 promotes oncogenicity by inducing the rapid growth and survival of
the cancer cells [25]. NAD+ serves as a crucial substrate for the modulatory activity of SIRT1
as its functionality is regulated by cellular levels of NAD+/NADH [26]. Previous studies
suggested that cancer stem cells like characteristics are conferred to the OvCa cells in the
hypoxic milieu of OvCa by upregulated expression of SIRT1 under the effect of HIF-1a [27].
Additionally, in poorly differentiated serous OvCa, HIF-1a is an established expression
prognostic marker [28]. Interestingly, our results also revealed an elevated expression of HIF-
la in the OvCa tissues which might regulate the expressional status of SIRT1 which in turn
regulate the level of glycogen deposition in the cancer cells [29]. Meanwhile it is also
reported that the exosomal secretion is more under the hypoxic conditions which in turn
enhance the aggressiveness of the prostate cancer cells [30]. The validation of the association
of SIRT1 overexpression with CA-125 in OvCa was established by two interlinking studies
where it was shown that exponential cell growth is related with higher levels of CA-125
production. Furthermore, the inhibition of cell cycle of cell cycle by cycloheximide decreased
the exponential cell growth as well as CA-125 release from the cancer cells [31]. Moreover,
the secretory levels of CA-125 are dependent upon the epidermal growth factor receptor
(EGFR) signaling cascade of the cancer cells and are phosphorylated and cleaved by
extracellular protease before its release from the cells [32][33]. Furthermore, an
interconnected association between SIRT1, EGFR and BRCAI1 axis with their higher
expressions is deduced in promoting cisplatin resistance OvCa cells [34]. Under this doctrine,
our hypothesis that elevated SIRT1 expression regulates the CA-125 secretion levels from
OvCa is validated. Thus, analyzing the SIRT1 levels at the diagnostic levels can also serve as

a metabolic biomarker in OvCa.

Furthermore, an association between SIRT1 and exosomes secretion is established by
Latfikar et al. in BC where elevated SIRT1 expression minimizes the release rate of
exosomes thus playing a tumor suppressive role in BC [35]. In OvCa, SIRT1 regulates the
exosomes secretion in relation to elevated levels of CA-125 [36]. However, as per our

findings in OvCa, we can deduce that SIRT1 modulates the exosomal secretion to be higher,
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thus performing a tumor promotive function in OvCa as observed by higher expression of
exosomal marker in the tumor tissues as compared to the adjacent normal [37]. The relation
of greater exosomal load with higher levels of CA-125 is further validated by finding where
OvCa diagnostic efficacy is enhanced by evaluating the levels of exosomal CA-125 [38].
This finding further confirms that a greater concentration of exosomes is associated with
higher CA-125 levels. Indeed, the CA-125 synthesized by the epithelial cells [39] and during
cargo loading gets incorporated in the exosomes and is eventually released by the cancer cells
via exosomes. Therefore, it could be concluded that under hypoxic conditions, the expression
of SIRT1 is enhanced, which in turn influences the secretory levels of exosomes that release
CA-125 at an increased level as exosomal cargo. Moreover, CA-125 bearing exosomal
context can be established as a biomarker for OvCa even after the patients have undergone
treatment since it is reported that a 5 U/ml increase of CA-125 within the normal limits, after
the treatment, is associated with both relapse and survival of OvCa patients [40]. Moreover,
analysis of exosomal load in patients’ blood can be highly important as a potent biomarker

for OvCa [41].

Apart from being a detection biomarker, SIRT1-mediated energy metabolism and
metastasis in OvCa patients are also driven by exosomes. In TME, the exosomes impart
metastatic potential to the recipient cells upon internalization of the exosomes [42]. Exosome
cargoes are also involved in energy metabolism as evident from exosomal miR-122 released
by BC cells initiates metastasis by altering glucose metabolism in PMN thereby supplying
resources for the survival of the BC cells [43]. In CRC, exosomal content from hypoxic
tumor cells transfers aggressiveness phenotype to the recipient normoxic cells [44]. Abdough
et al. reported exosomes isolated from the sera of cancer patients delivered malignant
characteristics to onco-suppressor mutated cells by revealing 85-90% Ki-67 positive OvCa
cells along with other malignant markers like PAXS8, WTI etc., [45]. This demonstrates
metastasis in OvCa is augmented by the transfer of exosomal Ki-67 content into the recipient
cells which further confirms our hypothesis that with increasing exosomal content, the Ki-67

expression also gets elevated.

Among the risk factors in OvCa progression, obesity is also a crucial one thus
investigating the metabolic alterations that augment obesity is essential to establish targeted
potential therapy. An investigation inferred that obesity and OvCa are interlinked as obese
people have an altered metabolic status that demonstrates an increased risk of the disease

accompanied by a higher yield of CA-125 secretion [46]. A higher demand for glucose is
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required by cancer cells to survive in TME. In our study, a higher glycogen deposition in the
cancer tissues was observed, thereby serving as the reservoir of glucose for higher glycolysis
in the cancer cells. Glucose metabolic flux in human adipocytes leading to glycogen
deposition is well established in obese conditions [47]. Additionally, HIF-1a induced hypoxia
has been reported to promote glycogen deposition in human ovarian clear cell carcinoma
cells [29]. While these findings are significant, additional work must be done to further
evaluate these biomarkers associated with metabolic changes in OvCa. Finally, all the
clinicopathological parameters considered in the study are related to the OvCa patients’ study
which can ease the path of analyzing the disease. For instance, moderately to poorly
differentiated OvCa cells were mostly observed in the later stages and associated with a
significant risk of poor prognosis [48]. The schematic of the underlying mechanism of action

is represented in Figure 6.
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Figure 6. Schematic of the synergistic roles performed by metabolic and metastatic factors and

mechanism of action

CA-125 can be a prognostic factor for OvCa patients as most of the
clinicopathological parameters were significantly linked with distinct levels of CA-125. Based
on the data obtained from IHC reports, we propose that due to the hypoxic milieu induced by
upregulated HIF-la, expression of SIRTI1 is elevated, leading to the enhanced levels of
exosomes in TME correlated with promoting a larger accumulation of glycogen in the tumor
tissues as compared with those in normal tissues. Based on the analysis in this study, the
correlation of serum biomolecule CA-125 with clinicopathological factors has given an initial
lead in our research to study the biomolecules responsible for establishing new targets for

OvCa treatment.
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3.1. Introduction

Apart from the clinical parameters associated with the occurrence of the disease, multiple
evidences are reporting the sociodemographic factors being responsible for the occurrence of
the disease [1][2]. Several risk factors for OvCa studied so far are gynaecological parameters
like parity, intake of oral contraceptive pills, menstruation-related factors, hormonal factors,
mode of delivery, tubectomy, age at pregnancy and demographic features like age, obesity,
lifestyle, dietary habits, lower socioeconomic status, etc. [3][4]. In high-incidence countries
like North America and Europe, multiple epidemiologic and sociodemographic studies are
conducted but Asian countries, including India, need further attention [5]. A pooled
investigation on socioeconomic status, a known predictor of survival in multiple cancers, of
populations stated that low-educated group is at elevated risk of advanced tumor stage
diagnosis [6]. Additionally, females with increased deprivation of socioeconomic status are
more prone to be diagnosed with OvCa at an advanced stage [7]. Adapting Western culture is
contributing to alterations in reproductive, anthropometric and nutritional parameters that in
turn are responsible for a higher incidence rate of OvCa [8]. However, in low incidences in
high country populations like India with a reported rise in cases each year, this arena of
research is still unmet and demands sociodemographic analysis. However, hormone-based
ovulatory events can be a causative factor for OvCa revealed by an epidemiologic case-
control study in Indian females and also reported that tubal ligation might serve as a
protective factor [9]. Late diagnosis of the disease remains a threat. Goff et al. first described
a symptom trio associated with OvCa which are often neglected including bloating, difficulty
eating/feeling full and pelvic/abdominal discomfort [10]. Thus, analysis of the most prevalent
symptoms among the symptoms’ triad is necessary for the early diagnosis or awareness
programs of OvCa. The impact of external factors such as stratified lifestyle, social life of
masses, common symptoms and how they are responsible for the occurrence and progression

of the disease needs to be studied extensively.

The traditional subclassification of OvCa is based on the kind and level of
differentiation. However, observing the increasing cases of the disease, it is becoming clear
that each main histopathological kind contains distinctive genetic flaws that disrupt particular
signaling pathways in tumor cells, thus challenging the treatment regimen. Furthermore,
depending on the degree of tumor differentiation, the molecular pathogenicity appears to be

diverse in well differentiated (grade 1 or low-grade), moderately differentiated (grade 2) and
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poorly differentiated (grade 3 or high grade) tumors [11]. Since differentiation of the tumor is
correlated with the progression of the cancer to distant sites, the interactions between the cells
and exosomes, in the TME that account for the alterations in the signaling cascades, need to
be explored. These crosstalks are driven by several factors present in the TME and one such
factor is the exosomes which are extracellular vesicles being secreted from the cells, migrate
to distant sites and upon internalization by the recipient cells, change and modulate the
regulations of the host cells’ machinery [12]. Additionally, the process of metastasis holds a
strong interconnection with metabolism and inflammation. Cancer cells adopt aerobic
glycolysis (Warburg effect) as a source of energy instead of mitochondrial OXPHOS [13].
An inflammatory milieu is established due to higher secretion of metabolic products like
prostaglandins, arachidonic acid, lactate and nitric oxide (NO), generation of ROS, several
growth factors, MMPs from metabolically altered tumor cells which in turn influences the
secretory levels of different cytokines and chemokines in the TME. Thus, the elevated
inflammatory status promotes the development of a tumor-progressive environment [13].
Thus, all these interrelated phenomena driving the process of metastasis and generation of
pain need to be explored. Additionally, since our study encompasses the SIRT1 activity in
OvCa due to its multifarious roles in metabolism, inflammation, apoptosis and other tumor-
associated processes [14], we were inclined to understand the baseline mechanism of how the
pain occurring due to metastasis is associated with SIRT1 levels. Furthermore, evidence
reveals that OvCa metastasis is influenced by the SIRT1/NRF2 signaling cascade regulated
by FOXQ1 (Forkhead Box Q1) [15]. The contribution of exosomes in promoting metastasis
in OvCa has been reviewed by Feng et al.[16]. However, the roles of SIRT1 in regulating

inflammation-mediated metastasis under the effect of the exosomes in OvCa remain elusive.

3.2. Specific objectives

e Evaluation of sociodemographic and gynaecological parameters as risk factors of
OvCa

e ldentifying symptoms as a sign of metastasis in OvCa
e Understanding the baseline mechanism driving the metastatic process revealed as a

symptom in OvCa.
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3.3. Materials and methods:
3.3.1. Materials

Primary antibodies e.g. SIRT1, Cyclooxygenase (COX)-2, IL-6, E-cad, Vim, Bax, Bcl-2,
MMP2, MMP9, VEGF, Angiopoeitin (ANGPT) 2, PTEN and related secondary antibodies,

both tagged and untagged were used for the conduction of the study. All the antibodies and

reagents have been listed in Table 1.

Table 1. List of reagents

SETI Product Company Catalogue No.
1. | DKXRB FITC AFFINITY Invitrogen A16024
2. | Goat anti-rabbit IgG APC Invitrogen 31984
3. | Donkey anti-Goat 1gG (H+L) Secondary Invitrogen A16004
Antibody, TRITC
4. | Goat anti-Mouse 1gG (H+L) Secondary Invitrogen A16071
Antibody, TRITC
5. | Goat anti-Mouse 1gG (H+L) Cross-Adsorbed | Invitrogen P-852
Secondary Antibody, PE
6. | SIRT1 Monoclonal Antibody (OTI5B2) Invitrogen MA5-27217
7. | CD326 (EpCAM) Monoclonal Antibody Invitrogen 56-9326-42
(1B7), Alexa Fluor™ 700, eBioscience™
8. | CD45 Monoclonal Antibody (H130), PerCP Invitrogen MHCDA4531
9. | Annexin V Conjugates for Apoptosis Invitrogen
Detection A13199
10. | MMP9 Monoclonal Antibody (5G3) Invitrogen MAJ5-15886
11. | TRYPSIN 0.25% EDTA Invitrogen 25200056
12. | 4-6-DIAMIDINO-2-PHENYLIN (DAPI) Invitrogen D1306
13. | PENICILLIN STREPTOMYCIN SOL, Invitrogen
100ML 15140122
14. | SUPERSIGNAL WEST PICO PLUS Invitrogen 34580
15. | 5-(and-6)-Carboxyfluorescein Diacetate Invitrogen 65-0850-84
Succinimidyl Ester (CFDA-SE, CFSE)
16. | Rabbit polyclonal anti-human SIRT1 Cell Signalling
antibody Technology D739
17. | HRP-linked anti-rabbit antibody Cell Signalling
Technology 7074P2
18. | miRCURY Exosome Serum/Plasma Kit Qiagen 76603
19. | miRCURY Exosome Cell/Urine/CSF Kit Qiagen 76743
20. | TSG101 Rabbit pAb Abclonal A2216
21. | E-cadherin Rabbit pAb Abclonal A3044
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SIE\ITI Product Company Catalogue No.
22. | Vimentin Rabbit pAb Abclonal A2584
23. | CXCR4- pAb Abclonal Al12534
24. | CXCL12- pAb Abclonal A1325
25. | IL6 Rabbit pAb Abclonal A0286
26. | IL10 Rabbit mAb Abclonal Al12255
27. | TNF-a Rabbit pAb Abclonal Al11534
28. | TGF beta 1 Abclonal A2124
29. | VEGF pAb Abclonal A12303
30. | MMP2 pAb Abclonal AB247
31. | CXCR2 Rabbit pAb Abclonal A3301
32. | COX2/PTGS2 Rabbit pAb Abclonal A1253
33. | ALIX / PDCDG6IP Rabbit pAb Abclonal A2215
34. | Bcl-2 Rabbit pAb Abclonal A0208
35. | Bax Rabbit pAb Abclonal A12009
36. | B-Actin Rabbit mAb Abclonal ACO038
37. | 5(6)-Carboxy-2',7"-dichlorofluorescein MERCK 21884
diacetate (DCFDA)
38. | Eosin Y-solution 0.5% aqueous MERCK 109844
39. | Hydrogen peroxide solution MERCK 88597
40. | Anti-PTEN antibody MERCK SAB2501614
41. | Human/Mouse COX-2 Antibody R&D Systems | AF4198
42. | Human Angiopoietin-2 Antibody R&D Systems | AF623
43. | CXCL1 Polyclonal antibody Proteintech 12335-1-AP
44. | Recombinant Human TGF-B1 (CHO derived) | Peprotech 100-21C
45. | SIRT1 INHIBITOR Il 1PC X 5MG Sigma 566322-5MG-M
46. | DAB Substrate Sigma Aldrich | 11718096001
47. | Bradford reagent Sigma B6916-500ML
48. | Dibutylphthalate polystyrene xylene (DPX) Sisco Research | 88147
Mountant for histology Laboratories
Pvt. Ltd.
49. | Dimethyl Sulphoxide (DMSQ) extrapure, Sisco Research | 43404
99% Laboratories
Pvt. Ltd.
50. | Albumin Bovine (pH 7) fraction V (Bovine Sisco Research
Serum Albumin, BSA), 98% Laboratories
Pvt. Ltd. 83803
51. | Xylene pure, 99% (500 ml) Sisco Research
Laboratories
Pvt. Ltd. 54717
52. | Methanol extrapure AR, 99.8% Sisco Research | 65524

Laboratories
Pvt. Ltd.
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SIE\ITI Product Company Catalogue No.
53. | Fetal Bovine Serum, exosome-depleted Gibco ™ A2720803
54. | 3-(4,5-dimethylthiazol-2-yl)-2,5 HIMEDIA MB186

diphenyltetrazolium bromide (MTT)
tetrazolium
55. | RIPA buffer Sterile chloride HIMEDIA TCL131
56. | TMB Substrate solution (for HIMEDIA ML168
ELISA)
57. | Paraformaldehyde Solution, 4% HIMEDIA TCL119
58. | Collagenase Type IV Sigma Aldrich | C4-22
59. | DPX new Sigma Aldrich | 1005790500
60. | Dulbecco’s Modified Eagle’s Medium - high | Sigma Aldrich | D6429
glucose
61. | Collagenase Type IV Sigma Aldrich | C4-22
62. | Hematoxylin Solution (Mayer's, Modified) ABCAM ab220365

Buffer composition

63.

PBS (1X)

8g NaCl; 0.2g KCI; 1.44g
Na;HPO4.7H20:;
0.249 KH2POy4; H20 to 1L; pH-

7.4

64.

Resolving Buffer

Resolving Buffer 1.5M Tris,
30%Acrylamide, 10%SDS,
10%APS, 5 ul TEMED 8; pH-8.8

65.

Sample Buffer

Laemmli Buffer (0.75gm,2gm
SDS); 5% B-Mercapto ethanol;
1/10th Glycerol; 1-2 drops
Bromophenol blue; pH-6.8

66.

SDS-PAGE Buffer

1.5g Tris, 7g Glycine, 0.5g SDS,
H20 to 0.5L; pH-8.3

67.

Transfer Buffer

1.52g Tris, 7.2g Glycine,
Methanol 100ml, H,O to 0.5L;

pH-8.3

68.

Stacking Buffer

0.5M Tris, 30%Acrylamide,
10%SDS, 10%APS,10 pl
TEMED; pH-6.8

69. | TBS-T (1X) 580mg NaCl; ImL Tris(1M); 20ul
Tween-20; H>0 to 100mL; pH-7.5
70. | Citrate Buffer 12.044g Sodium Citrate

Dihydrate; 11.341g Citric acid;
H>O to 1000mL; pH-6
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3.3.2. Methods
3.3.2A. Study population and data collection

The study was approved by the Institute Ethics Committee (CNCI-IEC-40104) and the cohort
comprises OvCa patients attending Chittaranjan National Institute for their treatment. All the
patients (N=350) under different age groups were included in the study. The demographic
parameters include age, BMI, religion, education, occupation, marital age, marital status,
food habits, domicile, family income, family history, comorbidity, food timings, sleep hours,
stress level, working hours, addiction. The gynaecological parameters comprised menarche,
age at menopause, mode of menopause, menstruation type, parity, delivery, ligation and
abortion. All the information was collected retrospectively and was kept anonymized. Upon
interaction with the patients, they were asked to rate their pain in a range of 1-10 as per
Numerical Rating Scale (NRS).

3.3.2B. Study design

The OvCa patients were categorized under well, moderate and poorly differentiated tumor
tissues and analyzed with the sociodemographic and gynaecological parameters. Exclusion
criteria included patients with a history of other cancer and with comorbidities. Samples were
collected with informed consent from the patients for the collection of tissues and blood
(N=73: well differentiated:15; moderately differentiated:19; poorly differentiated:39) for
further analysis of metastatic factors like cytokines and proteins. For comparing the cytokines
status with the healthy individuals, 21 normal volunteers were also included in the study with

proper consent.
3.3.2C. Haematoxylin and Eosin staining

Tissue sectioning was performed from paraffin-embedded well, moderate and poorly
differentiated tissues for haematoxylin and eosin (H&E) staining. After the deparaffinization
and alcohol hydration of the slides, Mayer's hematoxylin was added and kept for 30s,
followed by washing in distilled water to remove the unbound stain. Eosin Y solution was
added to the slide for 30s and after dehydration in alcohol gradient and xylene each for 5min,
DPX mounting was performed followed by imaging under brightfield microscope (Leica
Microsystems: #Model DM1000) [17].
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3.3.2D. Cell culture

Single cell suspension was prepared from poorly differentiated patients by treating the tissues
with collagenase IV/DMEM cocktail (50:50 dilution), followed by filtering and
centrifugation at 8000rpm for 10min at RT to obtain the cell pellet. Finally, the single cells
pellet was resuspended in exosomes-depleted 10% FBS supplemented DMEM media with

antibiotics (1% penicillin-streptomycin ) and was used for further experiments [18].
3.3.2E. MTT assay

5x10% primary cells in a 96-well flat-bottom transparent plate were seeded, followed by a
24hrs treatment with SIRT1 Inh (0.01pM, 0.1 pM, 1pM and 10puM) at 37°C in 5% CO>. On
the following day, MTT solution (5mg/ml) was added into each well and after 3hrs of
incubation, DMSO was added to the wells for recording the OD value under an ELISA plate
reader (Infinite 200PRO-TECAN, 30050303) at 595nm [19].

3.3.2F. Immunohistochemistry

The slide preparation was done by tissue sectioning from paraffin-embedded tissues (both
OvCa and adjacent normal). The process of deparaffinization and dehydration was performed
by dipping the slides in xylene and alcohol gradient solutions, respectively, followed by
10Mm citrate buffer solution (pH 6.0) treatment to increase the expression of antigen. After
treatment with 3% hydrogen peroxide diluted in 100% methanol, a PBS wash was followed
to terminate the endogenous peroxidase activity. The slides were then blocked with 3% BSA
for 1hr and then treated with COX-2 primary antibody (1:500 dilution) and incubated
overnight at 4°C. On the following day, a secondary antibody in a dilution 1:1000 was added
to the slides and incubated at RT for 2hrs. To visualize the reaction, DAB was added for
10min and finally, haematoxylin was added for 30s. After an alcohol gradient wash, DPX
mounting was performed to prepare the slides for capturing images under a brightfield
compound microscope (Leica Microsystems: #Model DM1000) [20] and analyzed using Fiji-

ImagelJ software. The H-score was calculated using the following formula,

H-score = [(0 X % negative cells) + (1 X % weak positive cells) + (2 X % moderate positive
cells) + (3 x % strong positive cells)] where 0 means no staining visible, 1 means weak, 2
means moderate and 3 means strong and the H-score ranges from 0 (negative) to 300 (100%

strong staining) [21].

96



Chapter 3

3.3.2G. Enzyme-linked immunosorbent assay

96 well plate were coated with serum from well, moderate and poorly differentiated patients
and primary cell culture supernatant and allowed to settle overnight at 4°C for Enzyme-linked
immunosorbent assay (ELISA). The wells were subjected to blocking with 5% BSA for 2hrs,
followed by washing with PBS and the addition of primary antibodies which include IL-6,
tumor necrosis factor-a. (TNF-a), TGF-B, IL-10, chemokine (C-X-C motif) ligand (CXCL)12,
C-X-C chemokine receptor (CXCR)-4, CXCL1 and CXCR2 (1:500) and incubated overnight
for 4°C. On the next day, HRP-conjugated secondary antibody (1:1000) was added after
washing away the primary antibody with PBST and then incubated for 2hrs at RT. After
discarding the secondary antibody, TMB substrate was added into the wells, followed by
incubation for 15min and OD values were taken under ELISA plate reader (Infinite 200PRO-
TECAN, 30050303) at 595nm.

3.3.2H. Immunofluorescence

The slide (both tumor and adjacent normal) preparation was done by deparaffinization of the
slides of OvCa tumor and adjacent normal tissues using xylene for 10min followed by
rehydration using graded ethanol (5min). After antigen retrieval using citrate buffer and the
addition of 0.9% H,O»/Methanol solution. To avoid the non-specific binding, 5% BSA was
used for blocking for lhr and primary antibodies for SIRT1, PTEN, COX-2, VEGF,
ANGPT2, MMP2, MMP9 (1:500) were added and kept overnight for 4°C [22]. FITC and
TRITC tagged secondary antibodies were added the next day and incubated for 2hrs (1:1000)
at RT. To remove the excess antibody the slides were subjected to washing with 1X PBS and
DPX mounting was performed for imaging under OLYMPUS BX53 fluorescence microscope

[23]. The images were analyzed using Fiji-ImageJ software.
3.3.21. Isolation of exosomes

Qiagen miRCURY ® Exosome serum/plasma kit and miRCURY ® Exosome Cell/Urine/CSF
Kit were used to isolate exosomes from serum and cell culture supernatant as per
manufacturer protocol. After the addition of reagents in 600ul of patients’ serum and cell
culture supernatant and their incubation 1hr at 4°C, the samples were centrifuged at 1500xg
for 30min at RT. The pellet fraction was frozen at -80°C after being resuspended in a

resuspension buffer [24].
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3.3.2J. Dynamic light scattering

For Dynamic light scattering (DLS), the isolated exosomes were diluted with 0.1pg/ul of
DPBS that was eventually filled to the brim in a cuvette with 100ul of DPBS. Exosome-
containing cuvette (NanoStar MicroCuvette Kit) was inserted into Dynapro Nanostar
(WYATT Technology) DLS device. The Laser Wavelength was fixed at 663.87nm with Peak
Radius Low Cutoff to be 0.5nm and Peak Radius Low Cutoff at 5000nm (Temperature
Control: yes with 25°C as Set temperature) and Auto-attenuation time was set to 60. The size
or homogeneity of exosomes was determined by the radius or the percentage of intensity,

respectively [25].
3.3.2K. Nanoparticle tracking analysis

To ensure the accuracy of Nanoparticle tracking analysis (NTA), exosomes suspension at a
range of 2x108 to 2x10%ml was prepared. Particle Metrix Zetaview-PMX 130-Mono laser
with laser wavelength at 520nm and Filter Wavelength: Scatter; Sensitivity: 60; Shutter: 100
was preset for accurate analysis of the samples and Software ZetaView (version 8.05.16 SP3)

was used to analyze the data [26].
3.3.2L. Scanning electron microscopy

The isolated exosomes were sonicated for 5min individually in acetone, ethanol, and distilled
water. After flushing with distilled water, drying and immobilization, 1-5ul vesicle mixtures
were added to cleaned silicon chips. Carbon paste was used to mount silicon chip samples on
a Scanning electron microscopy (SEM) stage (Jeol Ltd. JSM-7500F). To make the surface
conductive, a coating of 2-5nm gold—palladium alloy was deposited by sputtering before

capturing the images (SPI-Module Sputtering, Argon as gas for plasma) [27].
3.3.2M. Exosomes labelling and internalization detection by Confocal microscopy

15ul of an EV-containing PBS solution was stained with 40uM 5-(and-6)-Carboxyfluorescein
Diacetate Succinimidyl Ester (CFSE) solution by mixing and incubating for 2hrs at 37°C
[28]. To analyze the exosomes internalization by the cancer cells, the cells were allowed to
adhere and fixed using 4% paraformaldehyde followed by nuclear staining with DAPI for
10min at RT in the dark at 1ug/1000 ml concentration [29]. The cells were then incubated
with CFSE-labeled exosomes for 2hrs in the dark at RT followed by washing with PBS and
DPX mounting [30]. Imaging under a Confocal microscope (Carl Zeiss) was performed using

Zen software (Carl Zeiss, Inc., Thornwood, NY).
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3.3.2N. Western blotting

Isolation of protein was performed after lysing the exosomes using RIPA buffer and Bradford
assay was performed to assess the exosomal protein content. On 12% acrylamide gel, 25ug of
total protein was loaded to quantify the exosomal protein content for p-actin as control,
TSG101, ALIX (1:5000). On the following day, the reaction was visualized by adding HRP-
tagged secondary antibody (1:10000) and incubated for 2hrs, followed by band acquisition
after development with ECL Ultra Western HRP Substrate [31].

3.3.20. Flow Cytometry

2x10° primary cells were seeded in 60mm petri dish under four different conditions including
Con, No treatment+Exosomes (NTExos), SIRT1 Inh + exosomes (SIRT1 Inh+Exos) and
SIRT1 Inh treated at a drug concentration estimated from cell viability assay for 24hrs. The
cells were then incubated for 2hrs at 4°C with SIRT1, COX-2, IL-6, E-cad, Vim, Bax and
Bcl-2, EpCam and CD45 (1:100) followed by incubation with APC, Alexa Fluor, PerCP, PE
tagged secondary antibodies as mentioned in Table 1 and data acquisition in BD LSFortessa
flow cytometer. The apoptotic cancer cells and ROS generation in the cancer cells under the
same conditions mentioned above, the cells were incubated with AnnexinV for 2hrs and
DCFDA for 30min at RT in the dark. Data was acquired by BD LSRFortessa flow cytometer

and analyzed using FlowJo software [32].
3.3.2P. Protein-protein interaction network construction using STRING

To understand the interaction pattern of DEGs associated with SIRT1, a PPl network was
deduced using the STRING v11.0 database (https://string-db.org) with a combined score of

>0.7. PPl is scored as a low confidence score of <0.4, medium confidence from 0.4< to <0.7,
and high confidence score of >0.7. In the present study, we selected a high confidence score

to eliminate PPIs with low significance [33].
3.3.2Q. Statistical analysis

IBM SPSS25 software was used to understand the frequency distribution of various
sociodemographical and gynaecological parameters. Additionally, crosstabulation of the
parameters with tumor differentiation was also performed by IBM SPSS25 to obtain
corrected Pearson Chi-square (x°) to understand the correlation between the data variables
along with analysis of the survival plot. Image analysis was conducted using Fiji-ImagelJ

Software https://imagej.net/Fiji. FlowJo software was used to analyze the flow cytometry
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data. GraphPad Prism (Version 8.0) was used for Two-way ANOVA, One-way ANOVA and
Student’s t test wherever applicable P<0.0001 and P<0.05 were considered to be statistically

significant.
3.4. Result
3.4.1. Frequency distribution of sociodemographic and gynaecological parameters

The total number of patients was stratified in different subcategories of the multiple
parameters taken under consideration. The clinical diagnosis reports suspected 180 (51.4%)
patients had poorly differentiated OvCa followed by 90 (25.7%) patients with moderately
differentiated form and 80 (22.9%) patients were diagnosed with well differentiated forms of
OvCa. Most of the patients belonged to the age group 41-60 years (N=172, 49.1%) whereas
89 (25.4%) and 72 (20.6%) patients were under >60 years and 19-40 years age group and the
least was under 18 years of age with only 4.9%. Interestingly, more than 50% (N=187) of the
patients were overweight or obese, 35.4% had normal BMI and only 11.1% were
underweight. The prevalence of OvCa was mostly observed in the Hindus (67.1%) and 25.7%
were Muslims, followed by a very nominal percentage of 7.1% were Christian. Among all,
31.1% were illiterate, 26% had received higher education and most of them (42.9%) were
educated up to primary/secondary school educated. It was interestingly observed that
housewives/unemployed patients had high occurrence rates (64.3%), followed by the working
category (service/farmers) with 24.9% and equal distribution was observed among retired
patients and students with 5.4%. Looking into the marital age, 38.3% were married between
18-25 years of age, 35.4% had an early age marriage, 13.1% were married at >25 years of
age. Among the patients, 68.3% were married, 18.6% were widows or divorced and the
remaining (13.1%) were unmarried. Non-vegetarians accounted to be 73.1% and the
remaining 26.9% were vegetarians. 56% were dwelling in a rural habitat and the remaining
44% were from urban areas. The income status revealed that there was minimal difference in
the income level with 48.6% under high-income group and 51.4% under the low-income
group. 46.6% had a record of prior history of cancer cases in the family. 61.7% of the patients
had comorbidities like diabetes, thyroid, blood pressure, etc. whereas near about 60% had
discrepancies in the timings of food consumption. Moreover, we recorded three new
parameters related to the lifestyle of OvCa patients: sleep hours, stress level and working
hours stratified under different segments, data is shown in Table 2. 50% of the patients were

addicted to tobacco in different forms like gutka, dokta, smoking etc. and 10% had an
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addiction towards alcohol whereas remaining 40% were non-addicted. Among the
gynaecological parameters, 45.1% of the study cohort had menarche age within 10-13 years
of age followed by 28.6% above 13 years and 26.3% below 10 years of age. Early age
menopause includes 44.6% (<45 years) whereas late age menopause includes 34.6%.
Irregularity in menstruation was prevalent in 58.6% and the remaining 41.4% had regular
menstruation. 48.9% had 1-2 times history of conception followed by 19.7% who had more
than 3 children and 18.6% were nulliparous. 50.6% had pre-term delivery and only 18% had
full-term pregnancy. As far as ligation and abortion are concerned 36.7% and 16.6%,
respectively, had undergone these surgeries. The most prevalent symptom is pain (N=167;
47.75) and pain with abdominal distension (N=116; 33.15). The frequency distribution of
tumor differentiation has been shown in Table 2 where poorly differentiated forms account to

be the maximum.

Table 2. Frequency distribution of sociodemographic and gynaecological parameters of

patients’ cohort

Characteristics of
Frequency Percentages (%0)
participants (N=350)
Age
<18 years 17 4.9
19-40 years 72 20.6
41-60 years 172 49.1
>60 years 89 25.4
BMI
Underweight 39 11.1
Normal 124 354
Overweight/Obese 187 53.4
Religion
Hindu 235 67.1
Muslim 90 25.7
Christian 25 7.1
Education
Iliterate 109 31.1
School education 150 42.9
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Characteristics of
o Frequency Percentages (%0)
participants (N=350)
Graduates and above 91 26.0
Occupation
Housewife/unemployed 225 64.3
Service/Farmers 87 24.9
Retired 19 5.4
Students 19 5.4
Marital age (years)
<18 124 35.4
18-25 134 38.3
>25 46 13.1
Non applicable (NA) 46 13.1
Marital status
Unmarried 46 13.1
Married 239 68.3
Widow/Divorced 65 18.6
Food habits
Vegetarian 94 26.9
Non-vegetarian 256 73.1
Domicile
Urban 154 44.0
Rural 196 56.0
Family income (Rupees)
<5000 180 51.4
>5000 170 48.6
Family history
Yes 163 46.6
No 187 53.4
Comorbidity
Yes 216 61.7
No 134 38.3
Food timings
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Characteristics of
o Frequency Percentages (%0)
participants (N=350)
Proper 140 40.0
Improper 210 60.0
Sleep hours (hrs)
<5 hrs 91 26.0
6-8 hrs 214 61.1
>9 hrs 45 12.9
Stress level
High 148 42.3
Moderate 127 36.3
Little 75 21.4
Working hours (hrs)
<8 hrs 137 39.1
>8 hrs 213 60.9
Addiction
No addiction 140 40.0
Tobacco 175 50.0
Alcohol 35 10.0
Menarche age (years)
<10 92 26.3
10-13 158 45.1
>13 100 28.6
Age at menopause (years)
<45 156 44.6
>45 121 34.6
NA 73 20.9
Menstruation type
Regular 145 41.4
Irregular 205 58.6
Parity
Nil 65 18.6
1-2 171 48.9
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Characteristics of
o Frequency Percentages (%0)
participants (N=350)
>3 69 19.7
NA 45 12.9
Delivery
Pre-term 177 50.6
Full-term 63 18.0
NA 110 31.4
Ligation
Yes 106 30.3
No 244 69.7
Abortion
Yes 58 16.6
No 292 83.4
Tumor Differentiation
Well 80 22.9
Moderate 90 25.7
Poor 180 51.4
Symptoms
Distension of abdomen 33 9.4
Pain with abdominal 116 33.1
distension
Pain 167 47.7
Others 34 9.7

3.4.2. Correlation of sociodemographic attributes with tumor differentiation

A significant correlation of tumor differentiation was observed with age, BMI, education,

occupation, marital age, marital status, monthly income, family history, comorbidity and

addiction with tumor differentiation. Tumor differentiation significantly correlated with sleep

hours, stress level and working hours. However, parameters like religion, food habits,

domicile, food timings did not draw any significant links with tumor differentiation. The

respective P values are enlisted in Table 3.
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Table 3. Correlation of tumor differentiation with the sociodemographic parameters.

Sociodemographic ) o
Tumor differentiation a P value
parameters
Well Moderate Poor
Age
<18 years 12 5 0
19-40 years 31 23 18 66.5 <0.001
41-60 years 27 44 101
>60 years 10 18 61
BMI
Underweight 15 11 13
Normal 39 43 42 40.283 <0.001
Overweight/Obese 26 36 125
Religion
Hindu 58 59 118
Muslim 16 23 51 2.607 0.626
Christian 6 8 11
Education
[literate 12 28 69
School education 42 37 71 14.369 0.006
Graduates and above 26 25 40
Occupation
Housewife/unemployed 43 58 124
Service/Farmers 19 23 45 38.69 <0.001
Retired 3 5 11
Students 15 4 0
Marital age (years)
<18 years 16 32 76
18-25 years 36 31 67 23.035 0.001
>25 years 8 15 23
NA 20 12 14
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Sociodemographic ) o
Tumor differentiation 12 P value
parameters
Well Moderate Poor
Marital status
Unmarried 20 12 14
Married 49 66 124 17.957 0.001
Widow/Divorced 11 12 42
Food habit
Vegetarian 27 30 37
7.495 0.24
Non-vegetarian 53 60 143
Domicile
Urban 35 41 78
0.123 0.94
Rural 45 49 102
Monthly income (Rupees)
<5000 30 41 109
13.459 0.001
>5000 50 49 71
Family history
Yes 27 41 95
8.109 0.017
No 53 49 85
Comorbidity
Yes 34 60 122
16.235 <0.001
No 46 30 58
Food timings
Proper 39 37 64
4.08 0.13
Improper 41 53 116
Sleep hours (hrs)
<5 hrs 4 19 68
6-8 hrs 55 60 99 41.951 <0.001
>0 hrs 21 11 13
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Sociodemographic ) o
Tumor differentiation 12 P value
parameters
Well Moderate Poor
Stress level
High 0 22 126
Moderate 25 55 47
<0.001
Little 55 13 7 205.771
Working hours (hrs)
<8 hrs 49 38 50
26.531 <0.001
>8 hrs 31 52 130
Addiction
No addiction 50 35 55
Tobacco 25 42 108 26.55 <0.001
Alcohol 5 13 17

3.4.3. Association of gynaecologic characteristics with the tumor differentiation

Poorly differentiated OvCa mostly occurred in the category of menopausal age less than 45

years, parity with 1-2 children, pre-term delivery holding significant correlation. However,

our study could not show a significant association with parameters like menarche,

menstruation type, ligation and abortion. All the data with respective P values have been

shown in Table 4.

Table 4. Correlation of tumor differentiation with the gynaecologic parameters.

Gynaecological Tumor
parameters differentiation x P value
Well Moderate Poor
Menarche
<10 21 31 40
Oct-13 40 36 82 6.139 0.189
>13 19 23 58
Age at menopause
<45 years 28 36 92 35.375 <0.001
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Gynaecological Tumor
) o a P value
parameters differentiation
Well Moderate Poor
>45 years 18 34 69
NA 34 20 19
Menstruation type
Regular 38 36 71
3.991 0.407
Irregular 43 53 109
Parity
Null 10 8 47
01-Feb 39 46 86
29.126 <0.001
>3 11 24 34
NA 20 12 13
Delivery
Pre-term 29 52 96
Full-term 21 18 24 13.416 0.009
NA 30 20 60
Ligation
Yes 27 30 49
1.651 0.438
No 53 60 131
Abortion
Yes 11 17 30
0.811 0.667
No 69 73 150

3.4.4. Morphological analysis of differentiated OvCa tissues

Well differentiated tissues tissue revealed that the nuclear size is small with no distortion in

cellular morphology. The nuclear size increased comparatively with distorted cellular

structure in moderately differentiated OvCa tissues. The greatest variation in nuclear size is

observed in poorly differentiated OvCa tissues (Figure 1A). Interestingly, the survival of the

patients gradually deteriorated in the poorly differentiated patients at a significant rate

(Figure 1B).
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Figure 1. A. Morphological analysis of well, moderate and poorly differentiated OvCa

tissues; B. Kaplan Meir Plot of survival with respect to tumor differentiation

3.4.5. Pain is a prevalent symptom in the poorly differentiated OvCa patients

Pain is one of the most common symptoms in OvCa followed by pain with distension of the

abdomen and distention of abdomen and other symptoms, respectively (Table 5). Since pain

was observed to be most predictable symptoms among all other, we have cross tabulated pain

parameters with the tumor differentiation and observed that pain with abdominal distension

(N=84;72.4%) and other pain forms (N=76; 45.5%) were most prevalent in the patients with

poorly differentiated OvCa patients (Table 5). The tabulated data has been graphically

represented in Figure 2A-B.

Table 5. Frequency distribution with percentages of symptoms with respect to tumor

differentiation

Parameters Tumor differentiation Total
Well Moderate Poor

Symptoms Distension of Count 12 11 10 33
abdomen % withi

owithin | o0 oo | 333%  |30.3%| 100.0%
Symptoms

Pain with Count 12 20 84 116
abdominal % withi

aomi owithin | o a0 | 17206 |72.4%]| 100.0%
distension Symptoms

Pain Count 39 52 76 167
YRPETT

WIthIn |3 jo0 | 31.1%  |455% | 100.0%
Symptoms

Others Count 17 7 10 34
YR

owithin | oo noe | 206%  |20.4% | 100.0%
Symptoms

Total Count 80 90 180 350
% withi

OWENN 00906 | 25.7%  |51.4% | 100.0%
Symptoms
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Additionally, estimating the pain score with tumor differentiation and statistically
analyzing the intensity of pain showed an increase in the poorly differentiated form of cancer
followed by moderate and well differentiated form of OvCa (F(2.347)=83.645; P<0.05) as
represented in Figure 2C-D and tabulated in Table 6.

Table 6. Frequency distribution with percentages of pain score with respect to tumor

differentiation

Parameters Tumor differentiation Total
Well Moderate Poor
Pain Score | No pain Count 29 18 20 67
% within Pain Score | 43.3% 26.9% 29.9% | 100.0%
1-4 Count 51 0 0 51
% within Pain Score | 100.0% 0.0% 0.0% | 100.0%
5-7 Count 0 69 2 71
% within Pain Score | 0.0% 97.2% 2.8% 100.0%
8-10 Count 0 3 158 161
% within Pain Score | 0.0% 1.9% 98.1% | 100.0%
Total Count 80 90 180 350
% within Pain Score | 22.9% 25.7% 51.4% | 100.0%

While estimating the frequency of other characteristics related to pain like pattern of
pain, frequency of pain, site of pain and quality of pain, it was observed that the patients with
poorly differentiated form of OvCa experienced constant continuous sharp pain, mostly in the
abdominal or pelvic region (Figure 2E-H). This data focused on pain as one of the most

important and predictable symptoms to detect OvCa.
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Figure 2. A. Frequency distribution of prevalence of symptoms; B. Frequency distribution of
the symptoms with respect to tumor differentiation; C. Frequency of rating of pain in
accordance with tumor differentiation; D. Trend analysis of pain score with respect to tumor
differentiation; E-H. Frequency distribution of patterns of pain observed in accordance with

tumor differentiation.
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3.4.6. COX-2 is significantly higher in poorly differentiated patients demarking itself as a

potent inducer of pain

COX-2 as a regulatory factor of pain, when analyzed in the tissue culture supernatant and
blood serum that includes well differentiated (N=15), moderately differentiated (N=19) and
poorly differentiated (N=39) OvCa patients, revealed elevated levels in both blood and
primary cell culture supernatant of poorly differentiated patients as compared to the
moderately and poorly differentiated patients (Figure 3A). Upon observing higher expression
levels in poorly differentiated patients, IHC analysis of COX-2 was conducted in the tissues
collected from poorly differentiated patients and adjacent normal which also corroborated
with the previous findings where COX-2 expression was higher in the tumor tissues as
compared to the adjacent normal (Figure 3B). Furthermore, with the increase in the pain
intensity as determined by the NRS, the H-score of COX-2 expression also increased

considerably in the poorly differentiated OvCa patients (Figure 3C).
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Figure 3. A. COX-2 secretion level analysis in serum and primary culture supernatant by
ELISA,; B. IHC analysis of COX-2 in normal and tumor tissues; C. COX-2 H-score in relation
to pain intensity. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

3.4.7. Angiogenic and metastatic factors are higher in poorly differentiated tumor tissues as

compared to the adjacent normal

As we have observed pain and tumor differentiation are strongly correlated thus, to draw the
link between these parameters, we analyzed angiogenic and metastatic markers: ANGPT2 and
VEGF as well as MMP2 and MMP9. The results revealed that the expression of VEGF and
ANGPT2 showed higher expression in the tumor tissues as compared to the adjacent normal
ones and the colocalized expression of VEGF/ANGPT?2 was also significantly higher in the
tumor tissues (Figure 4A-C). MMP2/MMP9 expression has also revealed similar results where
their individual expressions were significantly higher in the tumor as compared to adjacent
normal tissue, along with their increased colocalized expression in the tumor tissues (Figure
4D-F). These results suggest that the SIRT1 and COX-2 axis certainly play a role in dictating

the metastasizing tendency in the poorly differentiated OvCa patients.
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Figure 4. A-C, Colocalized expression and MFI of VEGF/ANGPT2 in tumor and adjacent
normal tissues by IF; D-F, Colocalized expression and MFI of MMP2/MMP9 in tumor and
adjacent normal tissues by IF. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

3.4.8. Increased expression of COX-2 dictates the cytokines and chemokines profile in poorly

differentiated OvCa patients

Since COX-2 is highly associated with inflammation, the cytokines and chemokines profiling
in the serum of normal volunteers (N=21) and poorly differentiated OvCa patients’ tissues
(N=39) along with primary tumor cell supernatant from poorly differentiated patients (N=37).
Interestingly, it was observed that IL-6 level was considerably higher in the poorly
differentiated patients among the cytokines and chemokines. However, anti-inflammatory
cytokines, IL-10 and TGF-f levels were less in comparison to the pro-inflammatory IL-6 and
TNF-a. On the contrary, the levels of chemokines CXCL-12/CXCR-4 and CXCL1/CXCR2
were higher than all the cytokines, but it was observed that the levels in the normal and cancer

patients were less significant in comparison to the cytokines (Figure 5A-B).
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Figure 5. A. Analysis of cytokines in primary cancer cell supernatant and serum from poorly

differentiated patients as compared to the normal volunteers by ELISA, as represented

graphically and in heatmap; B. Analysis of chemokines in serum and primary cancer cell

supernatant from poorly differentiated patients in comparison to the normal volunteers by
ELISA, as represented graphically and in heatmap. (*P<0.05, **P<0.01, ***P<0.001,
****p<0.0001)
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3.4.9. STRING database confirms higher interactive score of SIRT1 with metastatic and

inflammatory factors

Upon deriving the higher colocalized expression of VEGF/ANGPT2 and MMP/MMP9 along
with elevated secretion of IL-6 we were inclined to investigate the interaction confidence
score between the molecules. Interestingly, COX-2 (0.96), SIRT1(0.726), MMP2 (0.847),
MMP9 (0.959) held strong score with IL-6. Additionally, SIRT1 and PTEN are also
indirectly related to IL-6 (Figure 6). We also observed significant confidence scores of
MMP9 with exosomal marker CD63 which in turn is related to other exosomal markers
CD81, TSG101, CD9. All these molecules are interconnected with each other, thus, we
illustrated that SIRTL1 is interconnected strongly with COX-2 and IL-6 and also with

exosomes.
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Figure 6. Establishment of PPI of metastatic and inflammatory factors with SIRT1

3.4.10. SIRT1 colocalized with COX-2 and PTEN at a highly significant rate in poorly

differentiated OvCa tissues

To understand the association of SIRT1 with COX-2, IF data revealed their strong colocalized
expression in the poorly differentiated tumor tissues as compared to the adjacent normal ones.
Moreover, the individual expression of SIRT1 and COX-2 was also significantly higher in the
tumor tissues (Figure 7A-C). Additionally, the colocalized expression of SIRT1 and PTEN
also corroborated with SIRT1/COX-2 expression with higher expression in the poorly
differentiated tumor, which was also revealed by their individual MFI (Figure 7D-F). This
depicted that SIRT1 regulates COX-2 level, thereby inducing pain in the poorly differentiated

OvCa patients and might also regulate the metastatic process.
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Figure 7. A-C. Colocalized expression and MFI of SIRT1/COX-2 in tumor and adjacent
normal tissues by IF; D-F. Colocalized expression of SIRT1/PTEN in tumor and adjacent
normal tissues by IF. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

3.4.11. Isolation and characterization of exosomes from serum of poorly differentiated
patients

Figure 8A schematically represents the process of isolation of exosomes. Upon
characterization by western blot, we deduced that the expression of exosomes markers (ALIX
and TSG-101) showed similar protein content in exosomes isolated from both serum and cell
culture supernatant (Figure 8B). SEM revealed that the isolated exosomes were round in
morphology, having a size range of 70nm-150nm (Figure 8C). Interestingly, DLS and NTA
data validated the results of SEM where 81.5% particless/ml were of 108.8nm
(FWHM/nm,118.3). The X50 value is 114.7 with a volume 243.1 and Zeta potential was
recorded -5.22 + 0.10 mV (Figure 8D-F). Additionally, the isolated exosomes also had the
potential to internalise into host cells as revealed by increased MFI upon internalization of
CFSE-tagged exosomes in cells after incubation with the tagged exosomes as compared to

non incubated cells (Figure 8G).
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8. A. Schematic representation of isolation of exosomes; B. Western blot analysis of

exosomal markers from cancer cell supernatant and patients’ serum; C. SEM images for
morphological evaluation; D. DLS for determination of size of isolated exosomes. E. NTA for
concentration of exosomes; F. Zeta potential of exosomes; G. Internalization of CFSE-tagged

exosomes by confocal microscopy. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)
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3.4.12. Metabolic inhibitor decreases the elevated cytokines level induced by exosomal
interference

Primary cells isolated from poorly differentiated OvCa tissues were treated under four
categories as schematically represented in Figure 9A. SIRT1 Inh revealed an ICso dose of
0.205uM in primary cancer cells (Figure 9B) and the primary cells were treated in this
concentration in the presence and absence of exogenous exosomes. The secretion levels of pro-
inflammatory cytokines (IL-6 and TNF-a) increased considerably upon the addition of
exosomes, depicting that exosomes are responsible for establishing an inflammatory milieu,
however, the levels decreased upon treatment with SIRT1 Inh (Figure 9C). Interestingly, the
levels of anti-inflammatory markers (IL-10 and TGF-B) decreased under the effect of
exosomes and increased significantly under the treatment with SIRT1 Inh, depicting that the
inhibitor is potent in mitigating the inflammation in the TME (Figure 9D).
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Figure 9. A. Schematic representation of isolation of single cells from poorly differentiated
OvCa tissues; B. MTT assay of SIRTL1 Inh on primary OvCa cells; C. Analysis of pro-
inflammatory cytokines by ELISA; D. Analysis of anti-inflammatory cytokines by ELISA.
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)
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3.4.13. Levels of SIRT1/COX-2/IL-6 decrease under the effect of SIRT1 Inh modulating the

expression levels of EMT markers

The gating strategy of the flow cytometric analysis of primary OvCa epithelial cells under the
above mentioned treatment parameters is represented in Figure 10A. The expression levels of
SIRT1, COX-2 and IL-6 were high under the effect of exogenous exosomes (Figure 10B-D).
Surprisingly, SIRT1, COX-2 and IL-6 levels increased considerably under the effect of
exogenous exosomes, however, under the SIRT1 Inh treatment group, their expression
decreased significantly (Figure 10E-G). Upon deducing this, we were inclined to estimate the
levels of EMT markers, where it was observed that epithelial marker E-cad decreased
considerably under the effect of exogenous exosomes but increased under the treatment group.
Interestingly, mesenchymal marker Vim increased at a significant rate when exogenous

exosomes were added and decreased under SIRT1 Inh treatment (Figure 10H-1).

<F

[Ohe

% - @v;l—‘ B
. v COX-2 (APC-A)
L-‘ — 5.73%

SIRTI (PE)

+Lx0€0mes+

SSC-A

% SIRT1 Expression

>

Gating strategy

S e 5
o (GRS 40.3% 3 o

. 5 T s
- N @ 40
. E ‘ 8s 20
. et ramaen @) I A= S = 3% ° °

ESC-A Epcam < Exos+ Exos-
(Alexa Flquitzgg)mes é ’ ff"
- e

L_....;:.. __J D 15

% IL-6 expression
5

a

-]

Exos+ Exos-

IL-6 (APC-A)

120



Chapter 3

SIRT! Inh+
E Con NTExos Exos SIRTI1 Inh

5.22% = . 7.50% - i 4.59%

% SIRT1 Expression
e N & o @ 3

Con NTExos  SIRTiinh  SIRT1
+Exos Inh

SIRTI expression (Pk)

% COX-2 expression

o

SIRTA Inh
+Exos

w

COX-2 expression (APC-A)

G =L 166%
<
&)
w £
vl
IL-6 expression(APC-A)
=T 5.74% 440%™ 9.56% = L% e ‘
- \
E-cad expression (APC-A)
I - 10.9% 13.7% =T, 6.75% 5.27%

SIRT1 Inh SIRT1
+Ex0s Inh

Vim expression (APC-A)

Figure 10. A. Gating strategy for estimating the epithelial cells in the heterogenous primary
OvCa cells. B. Expression of SIRT1 in primary epithelial cells in the presence (Exos+) and
absence of exosomes (Exos-); C. Expression of COX-2 in primary epithelial cells in the
presence (Exos+) and absence of exosomes (Exos-) by flow cytometry; D. Expression of IL-6
in primary epithelial cells in primary epithelial cells in the presence (Exos+) and absence of
exosomes (Exos-) by flow cytometry; E. Flow cytometric analysis of SIRT1 level in primary
epithelial cells under Con, NTExos, SIRT1 Inh+Exos and SIRT1 Inh; F. Flow cytometric
analysis of COX-2 level in primary epithelial cells under Con, NTExos, SIRT1 Inh+Exos and
SIRT1 Inh; G. Flow cytometric analysis of IL-6 level in primary epithelial cells under Con,

NTExos, SIRT1 Inh+Exos and SIRT1 Inh; H. Flow cytometric analysis of E-cad level in
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primary epithelial cells under Con, NTExos, SIRT1 Inh+Exos and SIRT1 Inh; I. Flow
cytometric analysis of Vim level in primary epithelial cells under Con, NTExos, SIRT1
Inh+Exos and SIRT1 Inh. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

3.4.14. Generation of ROS and apoptotic cells count increase under the effect of SIRT1 Inh

Upon deducing the above results, which revealed SIRT1 regulates the metastatic process by
creating an inflammatory TME, we were inclined to study the effect on ROS and apoptosis
related factors under the above mentioned treatment conditions. Interestingly, we observed
both ROS and Annexin V+ cells decreased under the effect of exogenous exosomes, whereas
the generation of ROS and Annexin V+ cells increased under the SIRT1 Inh treatment
category in primary cancer cells (Figure 11A-B). Further analysis of pro-apoptotic, Bax and
anti-apoptotic Bcl-2, we observed that the Bax level decreased under the effect of exogenous
exosomes but increased under the treatment of SIRT1 Inh (Figure 11C). The expression level
of Bcl-2, however, increased under exosomal interference and decreased under the effect of
SIRT1 Inh (Figure 11D).
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Figure 11. A. Flow cytometric determination of generation of ROS level in OvCa primary
cells by DCFDA assay under Con, NTExos, SIRT1 Inh+Exos and SIRT1 Inh; B. Flow
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cytometric determination of the percentage of AnnexinV+ OvCa primary cells under Con,
NTEXxos, SIRT1 Inh+Exos and SIRT1 Inh; C. Flow cytometric determination of Bax level in
OvCa primary cells under Con, NTExos, SIRT1 Inh+Exos and SIRT1 Inh; D. Flow
cytometric determination of Bcl-2 level in OvCa primary cells under Con, NTExos, SIRT1
Inh+Exos and SIRT1 Inh. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

3.5. Discussion

The signs and symptoms of OvCa mostly resemble normal symptoms that a woman can
experience on any given day like abdominal bloating and pain, changes in faecal excretion
habits, frequency in urine discharge, etc. Proper education on the signs and symptoms of
OvCa is essential to create awareness for not neglecting the symptoms as it results in late
diagnosis of the disease [34]. Established risk factors for the occurrence of OvCa, mainly

EOC, can be reproductive, gynaecologic, hormonal, genetic, age, and lifestyle.

OvCa is more prevalent in older age (median age 50-79 years, mostly above 64 years)
with an advanced stage compared to younger women. OvCa is a postmenopausal menace as
with increasing age the administration of the treatment gets compromised leading to poor
survival of the patients [4]. However, obese women in the premenopausal period experience
a higher risk of OvCa compared to the postmenopausal period [35]. Additionally, obesity in
the pre-pregnancy period is also a risk factor for OvCa [36]. Interestingly, our data also
revealed similar results with a significant association with tumor differentiation determining
the association of obesity and menopausal status with the aggressiveness of the disease in the
patients of Eastern India. The occurrence of OvCa is reported to be inversely correlated with
physical activity or occupation [37]. However, a significant association between occupation
and tumor association was deduced from our retrospective data analysis. This result is further
validated by the significant association of working hours and stress level with tumor
differentiation, as discussed later. Our data has derived a significant correlation with the
marital status and marital age of the patients, which is consistent with a prior cohort study
where the widow or divorced patients were at a higher risk of OvCa [38]. It has also been
established recently that the unmarried patients with ovarian serous carcinoma, generally
poorly differentiated, had experienced a higher HR of OS [39]. Previous data revealed that
dietary habits like intake of meat and high fat held a significant relation with OvCa

occurrence [40] but in our data scenario, there was a non-significant correlation between food
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habits (vegetarians/non-vegetarians) and the degree of tumor differentiation which might be

due to the lower number of patients.

Women with records for incidence of cancer in one third degree biological relatives
(great grandparents, great aunt, first cousin etc.) or two or more blood relatives with BC
and/or OvCa are more prone to develop OvCa [41]. However, no significant association with
the family history was deduced in our study. A recent study conducted by Liang et al.
revealed no significant correlation with the risk of developing OvCa with variances in
sleeping patterns and sleep habits [39]. Our data also corroborated with this finding thus
nullifying altered sleeping patterns as a risk factor for developing OvCa. An epidemiologic
meta-analysis of various cancers relating to the risk of cancer development with work stress
demonstrated that no significant correlation was associated with OvCa [42] but on the
contrary, our study has suggested a strong correlation with stress level and working hours. A
pooled analysis in Asian women depicted that the women consuming alcohol results in
inactivation of acetaldehyde dehydrogenase2 (ALDH2) due to ALDH2 polymorphism rs671
(Glus504Lys) increased the acetaldehyde exposure. This had an inverse genetic relation with
mucinous ovarian cancer [43]. In a study, it was observed that red wine drinkers are less
likely to develop OvCa as compared to non-drinkers. However, beer and spirit consumers are
more prone to develop Ovca [44]. In our study, no significant association was revealed
between addiction and the risk of OvCa. Furthermore, in this cohort study, we have included
a few more distinct stratified parameters like religion, education, cooking fuels and food
timings but there was no association of them with the tumor differentiation that might impose
the risk of OvCa.

Uninterrupted ovulation causes damage to the epithelial cells of the ovaries which
emerges as a high risk factor for OvCa. Thus, reducing the ovulation cycle upon the usage of
oral contraceptive pills, pregnancy tenure, etc. can minimize the risk of OvCa [45,46]. On the
contrary, irregularity in menstrual cycles leading to a decrease in ovulation cycles can be a
high risk factor for OvCa [47]. Late age pregnancy reduces the risk of OvCa whereas early
age menarche and late age menopause increases the risk for OvCa development [48].
However, no significant association was observed between tumor differentiation and
menstruation related factors like menstruation type and age of menarche and menopause.
Tubec cauterization (tubectomy) reduces the risk of OvCa [49] and thus held no association
with tumor differentiation in our study. However, mode of delivery and parity held a

significant correlation with the tumor differentiation.
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Simultaneously, upon studying the symptoms, we observed that pain is the most prominent
symptom accompanied by distension of the abdomen, which in turn serve as indicators of
aggressiveness and progression of the disease creating physical ailment and mental distress to
the patients. When we underwent a trend analysis we observed that pain was more intense in
the advanced stage i.e. poorly differentiated tumor OvCa patients which directed us to

continue our further study with the poorly differentiated OvCa patients.

The association of inflammation mediated cancer symptoms linked to advanced stage
cancer is evident from multiple studies [50][51] but this parameter still needs to be explored
in OvCa. Under this doctrine, one important factor that has been previously related to pain is
COX-2. The involvement of COX-2 as a regulatory factor for pain induction is reported in
patients with mandibular surgeries [52] and other medical conditions [53] but not in cancer
yet. In our study, we have analyzed the level of COX-2 in the serum and primary culture
supernatant of the poorly differentiated OvCa and additionally, we have also checked the
expression status of COX-2 in poorly differentiated cancer tissues and compared it with
adjacent normal tissues. Interestingly, it was observed that the COX-2 level was significantly
higher in the cancer patients which in turn fitted our hypothesis of the involvement of COX-2
in inducing elevated pain in the late-stage patients. Interestingly multiple evidence suggests
the interconnected roles of COX-2 and inflammatory cytokines in cancer [54]. Pain in cancer
patients can be the outcome of tumor growth, metastasis, systemic inflammation and
psychological reasons leading to worse patients’ conditions [55]. Pro-inflammatory cytokines
inducing pain are reported to exhibit possible mechanisms including spontaneous nerve fiber
discharge [56], altering neurotransmission [57], and variability of the phenotype of the nerve
end receptor [58]. Laired et al. deduced TNF- o and IL-13 modulate systemic inflammation
in the animal hyperalgesia model. In the same study, clinically a strong association of IL-6
inducing pain was observed [59]. Another similar study by Cohen et al. reported that
initiation of EMT in BC occurred under the influence of TNF- a, IL-6, TGF- B in BC [60].
This further led us to study the cytokines and chemokines pattern in the serum and primary
culture supernatant of OvCa patients compared to the serum of healthy volunteers.
Surprisingly, we deduced that although the pro- and anti-inflammatory cytokines were all
significantly higher in the cancer patients among them, IL-6 was surprisingly higher. The
findings by Zhang et al. strengthened our findings by demonstrating that in osteosarcoma,
inhibiting IL-6 in both in-vitro and in-vivo systems reduced the proliferation and invasiveness

of cancer cells and also combatted the seeding of the circulating tumor cells [61].
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Additionally, the outcomes in a clinical study conducted by Kampan et al. corroborated our
findings stating that higher levels of IL-6 in high grade serous cancer OvCa patients might be
a potent biomarker at diagnostic level [62]. In deducing this, we have confronted to lead the

study with pro-inflammatory cytokine IL-6.

The relationship between cancer and chronic inflammation became apparent after the
groundbreaking research of Rudolf Virchow more than 150 years ago. However, it was not
possible to determine the cause of the relationship between inflammation and cancer until
about a decade ago by following the directions of research through experimental models
known to date for many types of cancer. As many as 20% of human cancer cases are
evolutionary consequences of chronic inflammation that continues in the context of
anesthetic infection. Proinflammatory cytokines along with immune cells and tumor-invasive
myeloid cells perform their roles in the initiation and progression of metastasis in
inflammation-mediated cancer [63][64]. Since inflammation and metastasis go hand in hand,
we were also inclined to evaluate the tumor markers responsible for angiogenesis and
metastasis. We have checked the coexpression status of VEGF, ANGPT2, MMP2, and
MMP9 and observed their increased colocalization in the poorly differentiated tumor tissues
compared to the adjacent normal. Our results were strengthened by the finding that EP2, the
subtype of prostaglandin 2 (PGE2) receptor, instigates VEGF induced angiogenesis which in
turn regulates the survival and migration of endothelial cells in cancer [65]. There exists
numerous evidence documenting the tumor promoting roles of MMP2 and MMP9. They are
extensively studied in OvCa revealing that they are highly secreted and activated and
eventually participate in promoting metastasis of OvCa which resulted in poor survival of the
patients [66]. Brun et al. documented that MMP2 and MMP9 are higher in serous compared
to the mucinous form. MMP2 is reported to be higher in benign form whereas MMP9 is
elevated in malignant serous OvCa patients. However, MMP2 and MMP9 were higher in the
mucinous form [67]. Liu et al., by their meta-analysis reported increasing levels of MMP9
with increasing stages of tumor, thereby demonstrating its diagnostic and prognostic value
[68]. Autocrine secretion of IL-6 augments the expression status of MMP2 and MMP9 in
OvCa which in turn confers the aggressiveness to the cancer cells, thereby revealing the
association of IL-6 and MMP2/9 in OvCa progression [69].

Additionally, with these findings, we have surprisingly deduced a correlation between
all these markers involved in driving the progression of cancer cells with the master regulator

of metabolism SIRT1. Moreover, when the BMI with tumor differentiation, it held a
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significantly higher strong correlation which illustrates metabolism plays a role in the
metastasis of OvCa. It was previously validated by Roy et al. suggesting that elevated
expression of SIRT1 in the OvCa patients is in correlation with CA-125 and exosomes as
compared to the adjacent normal [20]. The scores related to inflammation, metastasis and
metabolism have been vividly illustrated in the result section. Upon this finding, we were
inclined to investigate the coexpression of SIRT1 and COX-2 which surprisingly revealed
that both were highly coexpressed in the tumor tissues of the poorly differentiated OvCa
patients as compared to the adjacent normal. However, evidence reveals that SIRT1
activation downregulates the COX-2 expression in lung cancer [70] but in OvCa there exists
a strong positive interconnection between these parameters. We also checked the
coexpression of SIRT1 and PTEN where we observed that with increasing SIRT1 expression
the PTEN expression decreased in the tumor tissues as compared to the normal. This result
has also corroborated the finding that SIRT1 inhibits PTEN expression by deacetylating it in
thyroid cancer [71]. Moreover, SIRT1 deacetylates and inhibits PTEN which in turn activate
the PIBK/AKT pathway [72]. The hypothesis in our study that SIRT1/COX-2/IL-6 axis
interplay roles to drive the metastasis in OvCa is supported by all the previous findings
(Figure 12).

Upon deriving and validating the relation of COX-2, IL-6 and SIRT1, we were
inclined to investigate the effect of exosomes upon these factors that in turn contribute to the
process of metabolism and inflammation mediated metastasis by inhibiting SIRT1. To
evaluate this we isolated exosomes from the serum of poorly differentiated patients and
characterized those. Additionally, we exogenously applied these exosomes into the primary
cells derived from poorly differentiated OvCa tumor tissues under the effect of SIRT1 Inh.
We have observed that under the effect of exosomes, the levels of COX-2 and IL-6 increased
drastically but eventually, the SIRT1 Inh reduced their levels. Similar results were observed
with the mesenchymal marker Vim. Still, surprisingly it was observed that the E-cad level
increased under the effect of the SIRT1 Inh even though exogenous exosmes reduced the E-
cad level. Evidence reveals that upregulated SIRTL1 drives the process of EMT in EC and
inhibiting it reverses the process of initiation of metastasis [73]. Furthermore, in NSCLC,
EMT associated with metastasis is upregulated by SIRT1 regulated by B7-H3 [74]. Thus, the
earlier findings supported our results in OvCa. These results suggest that exosomes when
enter the cancer cells, regulate the metabolic factor SIRT1 thereby inducing higher

expression of COX-2 which in turn promotes elevated secretion of pro-inflammatory
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cytokine, IL-6. This regulatory pathway instigates the process of metastasis by initiating
EMT and increasing the progressiveness of the OvCa cells thus inhibiting SIRT1 can shed
light on the complex molecular mechanisms dictating cancer progression and provide
valuable insights for the development of novel therapeutic strategies. Thus, inhibiting SIRT1
comprehens the development of novel treatment strategies in OvCa. Furthermore, we have
deduced that SIRT1 Inh exhibits the capability to induce ROS production in the cancer cells
that promotes apoptosis of the OvCa cells. This result was validated by findings illustrating
isoalantolactone downregulates SIRT1 which resulted in increased ROS production thereby
inducing apoptosis in BC cells [75]. Another study where pemetrexed induces apoptosis by
inhibiting SIRT1 and increasing ROS production in mesothelioma and A549 cells [76]. Thus,
it can be deduced from our findings that SIRT1 inhibition can also induce apoptosis in OvCa.
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Figure 12. Schematic representation of molecular circuitry

The present study encompasses a new insight into OvCa cancer research depicting
sociodemographic and gynaecological parameters. The parameters included in the study were
new aspects to be analyzed. Our brief analysis revealed a valid correlation with risk factors
detecting the degree of tumor differentiation in the participants of Eastern India. Thus,
spreading awareness through OvCa control programs and proper health policies can provide a
new dimension by analyzing the risks of OvCa and also planning the treatment strategy
accordingly. Additionally, evaluation of the role of exosomes in inducing higher metastatic
characteristics and their mitigation with the SIRT1 Inh can be a novel therapeutic approach to

combat the proliferation and invasiveness of poorly differentiated OvCa cells.
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Chapter 4

4.1. Introduction

Metastasis of OvCa is life threating to the patients and throws a challenge to the clinicians
regardless of technical and clinical improvements in treatment processes like radiation,
chemotherapy and debulking surgery. Metastasis is a result of crosstalks between the cancer
cells with other cells in the TME which aid the cancer cells in migrating from a primary site
to a secondary site [1]. The interactions of the primary cancer cells with the ECM is the
initiation of metastatic process which involves the decorin loss, upregulated versican,
stiffness due to remodelled collagen into thick fibrils [2][3][4]. Marchini et al. stated that
EMT is an outcome of development of resistance to chemotherapeutic drugs [5]. Thus, the
deregulated signaling pathway in the cancer cells with SMI are in limelight in research for

improving the conventional therapeutic approaches [6].

Intensive research in the field of cancer biology has revealed methods of
communication between cells through extracellular vesicles called exosomes. Exosomes are
released from various cells and serve as serviceable mediators resulting into dysregulations in
the recipient cells. Evidences reveal OvCa derived exosomes migrate and interact with the
resident cells and form a permissive TME by promoting angiogenesis, escape from
immunosurveillance, the transformation of normal fibroblasts to CAFs, mesothelial
remodeling for the cancer cells [7]. OvCa cells, SKOV-3 derived exosomes are reported to
enhance the proliferation and migration of normal fibroblasts by increasing CAFs associated
markers like a-SMA and tissue inhibitor of metalloproteinase 2 (TIMP2) [8]. Hence,
inhibiting the release of exosomes can be a useful in blocking the progression of the cancer
cell by stopping the intercellular communications in the TME. Understanding the biology of
the cancer cells under the effect of exosomal Inh and has become an arena of research. In this
regard, a potent exosomal Inh, GW4869, is investigated in OvCa metastasis. It is a neutral
sphingomyelinase 2 (nSMase2) blocker which prevent the production of ceramide that in
turn is a key regulator of exosomes biogenesis. Evidently, GW4869 diminishes CD44
expression and mitigates EMT in OvCa which might be an outcome of exosomes resulting in
less malignant cancer cells [9]. Therefore, development of exosomes inhibitors as research
tools and as drug delivery agents is in focus to be included in clinical trials. Thus, studies on
exosomes may lead to a breakthrough in cancer research, for which new clinical targets for

different types of cancers are urgently needed.
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Exosomes are also involved in modulating metabolism which is one of the hallmarks
of cancer, and deregulated metabolism accounts for secondary metastasis in cancer. For
instance, CAFs derived exosomes augment glycolytic pathway of cancer cells by inhibiting
mitochondrial OXPHOS and glutamine-dependent reductive carboxylation which allows
rapid proliferation of the cancer cells to proliferate rapidly [10]. Moreover, exosomal
Aldolase A (ALDOA) and Aldehyde Dehydrogenase 3 Family Member A1 (ALDH3Al)
from irradiated LC cells promote migration and invasion of recipient cells through promoting
glycolysis. This implies that the metabolic enzymes might be delivered to recipient cells via
exosomes that can induce activation of metabolic pathways promoting cancer progression
[11]. In addition to this, exosomes also reprogram stromal cells in the TME. Evidently,
cisplatin treated primary cells derived from exosomes induce glycolysis in bone marrow
stromal cells (BMSCs) that leads to upregulated lactic acid formation which provides a
suitable niche for the cancer cells to proliferate and reproduce within the bone marrow [12].
Rai et al. stated overexpression of GLUT 1 thereby increasing the glycolytic rate under the
effect of exosomes and fueling the cancer cells as an energy source for their survival and
growth in CRC [13]. Our previous findings established SIRT1 as a potent target in OvCa and
evidence suggests inhibition of SIRT1 arrests the growth of the OvCa cells. For instance,
MHY2245, a SIRTI Inh, induces autophagy and inhibits PKM2/mTOR pathway. SIRT1
inhibition by MHY2245 arrests G2/M phase of cell cycle and induces apoptotic death of
SKOV3 cell enhanced expression of cytochrome c, cleaved-PARP, cleaved caspase-3 and
Bax [14]. Under this doctrine, in this study, we have focused on identifying the roles of
exosomes in imparting oncogenic attributes to the cancer cells and the effect of combination
treatment of a metabolic and exosomal Inh on the EMT of OvCa cells, resulting in secondary
metastasis.

Additionally, from our previous findings, we have deduced that PI3K/AKT is the
most deregulated pathway in OvCa, we were inclined to investigate the interference of
exosomes in modulating this signaling. Previous, research also demonstrated the roles of
exosomes in other cancer forms. For instance, in bladder cancer, exosomal miR-21 promotes
M2 polarization upon activation of the STAT3 pathway and inhibition of PI3K/AKT pathway

thereby mitigating the metastasis of bladder cancer [15].
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4.2. Specific objectives
e Evaluation of the oncogenic potential of exosomes in transforming normal cells
e In-vitro validation of the combination treatment in combatting metastasis.
e 4.2.3. Evaluation of the effect of combination treatment of SIRT1 Inh and exosomes

Inh in mitigating EMT in in-vivo mice model by regulating metabolism.

4.3. Materials and Methods
4.3.1. Materials

The list of reagents used in this study is enlisted in Table 1.

Table 1. List of reagents

Serial Catalogue
Product Company
No. No.
1. | DKXRB FITC AFFINITY Invitrogen A16024
2. | Goat anti-rabbit 1gG APC Invitrogen 31984
3. | Goat anti-Human IgG (H+L) Secondary Invitrogen A18810
Antibody, TRITC
4. | Donkey anti-Goat IgG (H+L) Secondary Invitrogen A16004
Antibody, TRITC
5. | Goat anti-Mouse 1gG (H+L) Secondary Invitrogen A16071
Antibody, TRITC
MMP9 Monoclonal Antibody (5G3) Invitrogen MAJ5-15886
TWIST1 Monoclonal Antibody (10E4E6) | Invitrogen MAJ5-38652
Goat anti-Mouse 1gG (H+L) Cross- Invitrogen P-852
Adsorbed Secondary Antibody, PE
9. | TRYPSIN 0.25% EDTA Invitrogen 25200056
10. | 4-6-DIAMIDINO-2-PHENYLIN (DAPI) | Invitrogen D1306
11. | PENICILLIN STREPTOMYCIN SOL, Invitrogen
100ML 15140122
12. | SUPERSIGNAL WEST PICO PLUS Invitrogen 34580
13. | 5-(and-6)-Carboxyfluorescein Diacetate Invitrogen 65-0850-84
Succinimidyl Ester (CFDA-SE, CFSE)
14. | 5(6)-Carboxy-2',7"-dichlorofluorescein MERCK 21884
diacetate (DCFDA)
15. | Hydrogen peroxide solution MERCK 88597
16. | Eosin Y-solution 0.5% aqueous MERCK 109844
17. | Rabbit polyclonal anti-human SIRT1 Cell Signalling
antibody Technology D739
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18. | HRP-linked anti-rabbit Cell Signalling

antibody Technology 7074P2
19. | SIRT1 Activity Assay Kit Abcam ab156065
20. | Pyruvate Assay Kit Abcam ab65342
21. | L-Lactate Assay Kit (Colorimetric) Abcam ab65331
22. | Glucose Uptake Assay Kit (Colorimetric) | Abcam ab136955
23. | NAD/NADH Assay Kit 11 (colorimetric) Abcam ab221821
24.| ATP Assay Kit Abcam ab83355
25. | E-cadherin Rabbit pAb Abclonal A3044
26. | Vimentin Rabbit pAb-20ul Abclonal A2584
27. | IL-6 Rabbit pAb-20ul Abclonal A0286
28. | VEGF- pAb-20ul Abclonal A12303
29. | MMP2 pAb-20ul Abclonal AB247
30. | COX2/PTGS2 Rabbit pAb Abclonal A1253
31. | Ki-67 rabbit pAb Abclonal A2094
32. | Hexokinase Il Rabbit pAb Abclonal A0994
33. | GLUT1/SLC2A1 Rabbit pAb Abclonal A6982
34. | PKM2-specific Rabbit pAb Abclonal A18799
35. | Snail rabbit pAb Abclonal A5243
36. | pAKT-s473 rabbit pAb Abclonal AP1068
37.| AKT1 rabbit mAb Abclonal A17909
38. | PIK3CA rabbit pAb Abclonal A0265
39. | B-Actin Rabbit mAb Abclonal ACO038
40. | Human/Mouse COX-2 Antibody R&D Systems AF4198
41. | Human Angiopoietin-2 Antibody R&D Systems AF623
42. | Recombinant Human TGF-g1 (CHO Peprotech

derived) 100-21C
43. | GW 4869 Cayman Chemical

(hydrochloride hydrate) Company, USA 13127
44, | SIRT1 INHIBITOR |11 1PC X 5MG Sigma 566322
45. | DAB Substrate Sigma Aldrich 11718096001
46. | Bradford reagent Sigma B6916
47. | Rabbit anti-human polyclonal HIF-1a Santa Cruz sc10790

antibody Biotechnology
48. | Dibutylphthalate polystyrene xylene Sisco Research 88147

(DPX) Mountant for histology

Laboratories Pvt.
Ltd.
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49. | Dimethyl Sulphoxide (DMSO) extrapure, | Sisco Research 43404
99% Laboratories Pvt.
Ltd.
50. | Albumin Bovine (pH 7) fraction V Sisco Research
(Bovine Serum Albumin, BSA), 98% Laboratories Pvt.
Ltd. 83803
51. | Xylene pure, 99% (500 ml) Sisco Research
Laboratories Pvt.
Ltd. 54717
52. | Methanol extrapure AR, 99.8% Sisco Research 65524
Laboratories Pvt.
Ltd.
53. | Crystal Violet (Gentian Violet) ACS, Sisco Research 17610
ExiPlus Laboratories Pvt.
Ltd.
54. | Fetal Bovine Serum (FBS) Gibco ™ 10270-106
55. | Fetal Bovine Serum (FBS), exosome- Gibco ™
depleted A2720803
56. | 3-(4,5-dimethylthiazol-2-yl)-2,5 HIMEDIA MB186
diphenyltetrazolium bromide (MTT)
tetrazolium
57. | RIPA buffer Sterile chloride HIMEDIA TCL131
58. | TMB Substrate solution (for ELISA) HIMEDIA ML168
59. | Paraformaldehyde Solution, 4% HIMEDIA TCL119
60. | Collagenase Type IV Sigma Aldrich C4-22
61. | DPX new Sigma Aldrich 1005790500
62. | Dulbecco’s Modified Eagle’s Medium Sigma Aldrich D6429
(DMEM)- high glucose
63. | Hematoxylin Solution (Mayer's, Modified) | ABCAM ab220365
64. | Schiff's reagent Sigma Aldrich 1090332500
65. | Periodic acid Sigma Aldrich P0430
Buffer composition
66. | PBS (1X) 8g NaCl; 0.2g KCI; 1.44g
NaHPO4.7H20;
0.249 KH2PO4; H20 to 1L; pH-7.4
67. | Resolving Buffer Resolving Buffer 1.5M Tris,
30%Acrylamide, 10%SDS,
10%APS, 5 ul TEMED §; pH-8.8
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68. | Sample Buffer Laemmli Buffer (0.75g,2g SDS);
5% B-Mercapto ethanol; 1/10th
Glycerol; 1-2 drops Bromophenol
blue; pH-6.8

69. | SDS-PAGE Buffer 1.5g Tris, 7g Glycine, 0.5g SDS,
H20 to 0.5L; pH-8.3

70. | Transfer Buffer 1.52g Tris, 7.2g Glycine, Methanol
100ml, H20 to 0.5L; pH-8.3

71. | Stacking Buffer 0.5M Tris, 30%Acrylamide,
10%SDS, 10%APS,10 ul TEMED;
pH-6.8

72.| TBS-T (1X) 580mg NaCl; ImL Tris(1M); 20ul
Tween-20; H,O to 100mL; pH-7.5

73. | Citrate Buffer 12.044g Sodium Citrate Dihydrate;
11.341g Citric acid; H20 to
1000mL; pH-6

4.3.2. Methods
4.3.24. Cell culture

HaCaT cells were cultured in exosomes depleted FBS (10%) supplemented DMEM media
and ID8 cells were cultured in DMEM with exosomes non-depleted 10% FBS, both
supplemented with 1% penicillin-streptomycin at 37°C in 5% CO,. After the cells reached
75-80% confluency, trypsinization (0.25%) was done and cells were seeded at desired
densities for respective experiments. HaCaT cells were further treated with TGFB (2ng/ml for
72hrs) for induction of EMT [16][17] in FBS (exosomes depleted) supplemented DMEM

media for further experiments.
4.3.2B. MTT assay

To check the viability of the cells, both HaCaT and IDS cells were inoculated in a 96 well flat
bottom transparent plate at a concentration of 5x10° cells and allowed to seed overnight in a
COsz incubator. SIRT1 Inh was added at concentrations of 0.01uM, 0.1 uM, 1uM and 10 pM
for both HaCaT cells and IDS8 cells for 24hrs. 5uM, 10uM, 20uM and 40uM concentrations
of GW4869 was added only in ID8 cells and treated for a period of 24hrs. On the following
day, MTT (5mg/ml) dissolved in 1X PBS was added into each well and incubated in the dark
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for 3hrs at RT and finally, 150ul DMSO was added to each well before taking the final
reading in an ELISA plate reader (Infinite 200PRO-TECAN, 30050303) at 595nm [18].

4.3.2C. Western blotting

To determine the oncogenic characteristics of the isolated exosomes, the HaCaT cells were
incubated with exogenous exosomes for 24hrs. HaCaT cells were also treated under four
different conditions (Con, NTExos, SIRT1 Inh+Exos, SIRT1 Inh) and the total protein from
the cells of different experimental setups was isolated after the addition of RIPA buffer and

sonication of the cells. Bradford assay was performed to estimate the protein concentration.

Additionally, the protein estimation from the primary cells obtained from mice tumors
under four different treatment conditions (Con, SIRT1 Inh, GW4869, SIRT1 Inh+GW4869)
was performed as described above. On 10% acrylamide gel was used for protein expression
estimation. Primary antibodies of SIRT1, COX-2, IL-6, E-cad, Vim, PI3K, AKT and pAKT
(Table 1) were used to quantify relative protein levels (1:5000). HRP-tagged secondary
antibody (1:10000) was added and incubated for 2hrs, to visualize the reaction and band
acquisition after development with ECL Ultra Western HRP Substrate was taken under

Invitrogen iBright™ FL1500 [19].
4.3.2D. Colony formation assay

HaCaT cells at different treatment conditions (Con, TGF-f+, TGF-B + Exos) for analyzing
the oncogenic potential of exosomes and to analyze the changes in the cancer cells after the
addition of the inhibitor, HaCaT cells were subjected to different sets of treatment (Con,
NTExos, SIRT1 Inh+Exos, SIRT1 Inh). Under both the experimental set up the cells were
treated with TGF-B at a concentration of 2ng/ml for 72hrs and IDS8 cells under the treatment
conditions (Con, SIRT1 Inh, GW4869 and SIRT1 Inh+GW4869) were seeded at a very low
concentration (500 cells/plate) in 6 well plates and colony growth was allowed for 10 days
with addition of exosomes depleted FBS supplemented fresh media for colony assessment in
HaCaT cells and full media in every three days. On the 10" day, 4% paraformaldehyde was
used to fix the cells and then washed with 1X PBS followed by staining with 0.1% crystal
violet. The excess stain was removed after washing with 1X PBS. The colonies were counted

using Fiji software. The assay was repeated with three biological replicates [20].
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4.3.2E. Immunocytochemistry

HaCaT cells were inoculated on coverslips and allowed to seed overnight. On the next day,
desired treatment conditions were provided for each cell type, as mentioned above and
incubated for 24hrs. Upon fixation with ethanol, the cells were subjected to blocking by 3%
BSA for 30min. Primary antibody (Snail) was added to the HaCaT cells and kept overnight,
followed by TRITC-conjugated secondary antibody (Con, TGF-B+, TGF-$ + Exos) and FITC
tagged secondary antibodies (Con, NTExos, SIRT1 Inh+Exos, SIRT1 Inh) for 2hrs at RT in
the dark.

For IDS8 cells, the cells were allowed to adhere on coverslips overnight and on the following
day after fixation by methanol and blocking with 3% BSA for 30min primary antibodies (E-
cad, Vim and Ki-67) were added to the cells, which were visualised on the following day by
adding and incubating with FITC tagged secondary antibodies (Con, SIRT1 Inh, GW4869
and SIRT1 Inh+GW4869) for 2hrs in the dark at RT. Nuclear staining of both HaCaT cells
and IDS cells, DAPI was added. To remove the excessive dye, the coverslips were washed
with 1XPBS, and DPX was used for mounting the slides and evaluated under a fluorescence

microscope (Olympus) [21].
4.3.2F. Flow Cytometry

2x10° HaCaT and IDS cells were separately seeded in 60mm petri dishes under four different
conditions for each cell type as mentioned above. After the desired treatment for 24hrs, the
HaCaT cells were incubated with E-cad, Vim for 2hrs at 4°C, followed by incubation with
APC tagged secondary antibody and data acquisition in BD LSRFortessa flow cytometer. For
ID8 cells, after the desired treatment, the ROS level was measured by flow cytometer after
adding DCFDA for an incubation period of 30min [22].The analysis was done using FlowJo

software.
4.3.2G. Transwell migration assay

5x10° IDS cells were inoculated on the upper chamber of the Transwell and loaded into the
upper chamber of the Transwell, and 500ul DMEM containing 10% exosomes supplemented
FBS was added to the bottom of Transwell for incubation overnight. The next day, the
Transwell was removed, and cells remaining on the upper chamber were removed with a

cotton swab. Following washing with PBS, the cells attached to the membrane were fixed in
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4% paraformaldehyde for 30min at RT. Cells were stained with 0.1% crystal violet for 20min
at RT. Following washing with PBS, imaging under an inverted microscope (Nikon ECLIPSE

Ts2), and images were captured for enumeration of the cells [23]

4.3.2H. Protein-Protein Interaction network construction

To predict the interaction pattern of DEGs the PPl of DEGs was visualized using the
STRING database (https://string-db.org) with a combined score of >0.7. In the present study,

we selected a high confidence score >0.7 to eliminate PPIs with low probability/significance

and obtain more reliable results [24].
4.3.21. DOT blot assay

Protein extraction from treated HaCaT cells was done using RIPA buffer and protein
estimation was done using Bradford assay. Quantified protein, at a concentration of 10ug,
was added onto methanol-activated nitrocellulose membrane in a wet chamber. The
membrane was then blocked using 5% BSA and incubated overnight after the addition of
primary antibodies PI3K, AKT and pAKT, B-actin at 4°C (1:5000). HRP-tagged secondary
antibody (1:10000) was added to the membrane and incubated for lhr. The fluorescence
signal was developed using ECL Ultra Western HRP Substrate after washing with 1X PBS

and the results were observed in Invitrogen iBright™ FL1500.
4.3.2J. Experimental animals

Female C57BL/6 mice (6-8 weeks old) were purchased from West Bengal Livestock
Development Corporation Ltd, Buddhapark Kalyani, Nadia-741235, West Bengal, India. All
experiments were conducted with the approval of the Institutional Animal Ethics Committee

at Chittaranjan National Cancer Institute (IAEC-1774/NC-4/2022/16).
4.3.2K. Establishment of OvCa model and experimental outline

The mice were quarantined for 2 weeks at a temperature of 22 + 2°C and 12hrs light/dark
cycle. Inoculation of tumor cells was performed via intra-peritoneal (i.p.) injection with a
total volume of 7x10° cells in 0.7ml of 1x PBS. For the next 8 weeks, the animals were
followed up for survival and tumor growth. The treatment under four different treatment
conditions started after 8 weeks following inoculation. The mice (N=24) were segregated into
four groups with N=6 mice in each group (Group 1: Vehicle control, Group 2: SIRTI Inh
treated, Group 3: GW4869 treated, Group 4: Combination treatment of SIRT1 Inh and
GW4869). The SIRT1 Inh was dissolved in DMSO diluted with normal saline at a
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concentration of 0.5%. The mice were treated intraperitoneally once a week with EX-527
(10mg/kg) [25]. GW4869 was dissolved in DMSO at 8mg/ml concentration and injected
intraperitoneally with 200ul of 0.3mg/mL GW4869 in 0.9% normal saline (60ug/mouse; 2-
2.5ug/g body weight) once a week for 4 weeks [26].

4.3.2L. Sample preparation from in-vivo model

The mice were sacrificed after the completion of the treatment as mentioned above. Before
the sacrifice, the blood was collected by retro-orbital bleeding and allowed to be clotted for
lhr at RT to analyze the cytokine level [27]. The control and tumor tissues were collected
from the mice of distinct treatment groups. The tissues were processed under two different
conditions. Firstly, the tissues were either paraformaldehyde fixed for cryosectioning.
Secondly, the primary cell suspension was prepared by overnight digestion using collagenase
IV and DMEM cocktail (50:50 dilution) at 37°C, 5% CO; after mincing of the tissues. The
cell pellet was obtained after centrifugation at 8000rpm for 10min at RT followed by
dissolving the pellet with 1X RBC lysis buffer to get rid of any remaining red blood cells.
Finally, the pellet was washed in 1X PBS and resuspended in FBS-supplemented (Exosomes
depleted and with exosomes) DMEM media with 1% penicillin and streptomycin. The cells
were then allowed to grow and were subsequently used for downstream experiments [28].
The isolated organs from each mice group (Lungs, Liver, Spleen and Ovary) were fixed with

4% paraformaldehyde for H&E staining.
4.3.2M. Immunohistochemistry

The mice tissue section slides were deparaffinized using xylene (10min) followed by
rehydration in a series of graded concentrations (100%, 90%, 70%, 50%) of alcohol (5min
each). To augment the expression of antigen 10Mm citrate buffer solution was added to the
slides. The slides were further treated with 3% hydrogen peroxide diluted in 100% methanol
and kept at RT for 15min, followed by a PBS wash to stop the endogenous peroxidase
activity. After blocking the slides with 3% BSA for 1hr, the slides were kept at 4°C overnight
after the addition of primary antibodies (SIRT1, HIF-1a, COX-2, PTEN, GLUT1, hexokinase
(HK) II, PKM2, Ki-67, E-cad and Vim) in humified chambers in a dilution of (1:500). On the
following day, after washing off the excess primary antibody with 1X PBS, anti-rabbit
secondary antibody was added (1:1000). After the incubation at RT in the dark for 2hrs, DAB

was added for 10min and counterstained with. Finally, hematoxylin was added to counterstain
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the specimen and dehydrated using a gradient alcohol wash, followed by sealing the slides
with coverslips using DPX [29]. The images for each sample were taken in a brightfield
compound microscope (OLYMPUS CX40) and analyzed using Fiji software.

4.3.2N. Immunofluorescence

The tumor tissue slides from mice were deparaffinized and dehydrated using xylene and
alcohol gradient solutions (100%, 90%, 70%, 50%). The slides were then subjected to
Methanol/H>O> solution for fixation, followed by citrate buffer treatment for antigen
retrieval. After the blocking with 5% BSA, primary antibodies for VEGF, ANGPT2, MMP2,
MMP9 and Snail (1:500) were added and kept overnight at 4°C [30]. FITC and TRITC
tagged secondary antibodies were added the next day and incubated for 2hrs (1:1000) at RT.
After staining the nucleus with DAPI, the slides were washed with 1X PBS to remove the
excess stains, followed by DPX mounting required for imaging under OLYMPUS fluorescent

microscope [31]. The images were further analyzed using Fiji software.
4.3.20. Haematoxylin and eosin staining

The tissue sections from the organs (Lungs, Liver, Spleen and Ovary) and tumor obtained
from the four distinct groups of mice were deparaffinized using xylene and hydrated using
distilled water to remove any fixative that could interfere with staining. The slides were then
dipped into a solution of Mayer's hematoxylin for 30s followed by rinsing with water for
Imin to remove the excess. 1% Eosin Y solution stain was added to the slides for 10-30s.
The tissue sections were dehydrated using two changes of 95% alcohol and two changes of
100% alcohol, each for 30s followed by xylene wash for 5Smin, and finally, DPX mounting
was performed for imaging under a brightfield microscope (OLYMPUS CX40) [32].

4.3.2P. Periodic Acid Schiff staining

The slides were deparaftinized using xylene for Smin followed by treatment with Carnoy’s
fixative for 10min. After rinsing the slides with distilled water, Periodic acid solution was
added (10min) for staining followed by the addition of Schiff reagent for Smin. The slides
were washed with distilled water to remove excessive stains and then dehydrated in
ascending alcohol gradient solutions. DPX was used for mounting and imaging was
performed under a Leica brightfield microscope and analyzed using Fiji-ImageJ software

[33].
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4.3.2Q. Enzyme-linked immunosorbent assay

The cell culture supernatant of HaCaT cells under the presence and absence of exosomes
were coated in the 96 well ELISA plates and allowed to settle overnight at 4°C. Additionally,
serum collected from mice blood from four different groups was also coated in 96 well
ELISA plates. On the following day, 5% BSA was used for blocking for 2hrs and washed
with PBS. Primary antibodies IL-6 and TNF-a (1:500) for HaCaT cell culture supernatant and
IL-6 (1:500) for mice serum were added and kept overnight at 4°C. HRP-conjugated
secondary antibody (1:1000) was added the next day after the primary antibody was
discarded, washed with PBST, and kept in incubation for 2hrs at RT in a shaker. After the
incubation was over, the wells were washed with PBST and TMB substrate was added into
the wells in the dark and incubated for 15min before taking OD values under an ELISA plate
reader (Infinite 200PRO-TECAN, 30050303) at 595nm.

4.3.2R. Metabolism related assays
4.3.2R1. Glucose uptake assay

5x10° primary tumor cells from mice were inoculated in 6 well plates and seeded at 37°C for
24hrs. The cells were then subjected to serum-free DMEM media for serum deprivation for
4hrs to augment glucose uptake. The cells were lysed and centrifuged to obtain the lysate
required for the assay. 200ul of the lysate was incubated with the detection solution for
30min and the glucose uptake was performed as per the manufacturer’s protocol. Finally, the
OD value was taken in a microplate reader (Infinite 200PRO-TECAN, 30050303) at 540nm
[34].

4.3.2R2. Pyruvate and lactate assay

For pyruvate and lactate assay, 3x10° primary cells from mice tumor were plated per well in a
6 well plate and incubated at 37°C for 24hrs. RIPA buffer was used to homogenize the cells
to obtain the cell supernatant after centrifugation and finally, 50ul detection solution was
added to each well and incubated dark at RT for 30min. The pyruvate and lactate assessment
was conducted as per the manufacturer’s protocol and measurement was taken in a

microplate reader (Infinite 200PRO-TECAN, 30050303) at 540nm [34].
4.3.2R3. SIRTI activity assay

SIRT1 activity was quantified using the fluorometric SIRT1 assay kit as per the

manufacturer's guidelines. The fluorescence intensity was measured using an excitation
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wavelength of 355nm and an emission wavelength of 450nm every 2min for a duration of
30min [35].

4.3.2R4. NAD+ and NADH Measurement

The NAD+/NADH ratios were determined using the NAD+/NADH assay kit as per
manufacturer’s instructions [36]. NAD+ and NADH concentrations in uM were determined

from a standard curve and normalized to the total protein concentrations.
4.3.2R5. ATP measurement assay

1x10% primary cells obtained from different treatment conditions of mice were homogenized
in ATP assay buffer and finally, the ATP levels were assessed according to the manufacturer’s

instruction. All outcomes were adjusted based on the number of cells [34].
4.3.28. Statistical analysis

GraphPad Prism (version 8.0) was used to perform Two-way ANOVA, One-way ANOVA and
Student’s t-test wherever applicable. FlowJo software was used for flow cytometric data

analysis. Fiji-ImageJ software (https:/imagej.net/Fiji) was used to analyze the IHC image

analysis, colocalization and MFI of the fluorescence images. P<0.0001 and P<0.05 were

considered to be statistically significant.
4.4. Results
4.4.1. Exosomes transfer oncogenic attributes to normal cells

To investigate whether the exosomes derived from poorly differentiated OvCa patients confer
oncogenic properties to normal cells or not, we incubated the HaCaT cells with TGF-f to
confirm the initiation of EMT and exogenously added the isolated exosomes. Under this
condition, colony forming assay revealed that the number of colonies increased under the
exosomal added state (Figure 1A). Western blot analysis revealed that E-cad expression
decreased in exosomes added condition whereas in the non-exosomal state, E-cad expression
was higher, whereas the expression of Vim increased under the exogenous exosomes as
compared to the non-exosomes condition (Figure 1B). Additionally, upon investigating the
expression of Snail under the above-mentioned conditions, we observed that the expression
of Snail increased under the effect of exogenous exosomes (Figure 1C). The secretion of pro-
inflammatory cytokines, IL-6 and TNF-a increased significantly under exosomes added state
as compared to the non-exosomes state (Figure 1D). These results suggest that the isolated

exosomes carry oncogenic characteristics which can confer oncogenic properties into the
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normal cells by transferring their cargoes inducing their oncogenic transformation

schematically represented in Figure 1E.
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Figure 1. A. Determination of proliferation of HaCaT cells by colony formation assay; B.

Protein expression of EMT markers in HaCaT cells; C. Evaluation of Snail expression in
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HaCaT cells; D. Cytokines level analysis by ELISA; E. Schematic of TGF-B induced HaCaT
cells transformation. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

4.4.2. The influence of exosomes on the normal cells regulates inflammation via SIRT1/COX-

2/IL-6 axis

TGF-B induced HaCaT cells under four distinct treatment parameters were used for further
experiments, schematically illustrated in Figure 2A and to analyze the regulatory effect of
SIRT1/COX-2/IL-6 axis on the normal cells we have performed MTT assay of SIRT1 Inh on
HaCaT cells to estimate the drug dose which revealed an 1Cso of 0.07505uM (Figure 2B).
Analysis of pro-inflammatory cytokines (IL-6 and TNF-a) in cell culture supernatant
revealed elevated secretion under exosomal incubation, however, the secretion of both IL-6
and TNF-a decreased when treated with the SIRT1 Inh in the presence and absence of
exosomes as compared to the control as represented in Figure 2C. The protein expression
level of SIRT1, COX-2, IL-6 also revealed similar results where the expression of SIRTI,
COX-2, IL-6 increased under the exosomal effect but significantly decreased under the
inhibitory effect of SIRT1 Inh in the absence of exosomes as compared to the presence of
exosomes (Figure 2D). To understand the connectivity of the molecules, we performed a
STRING analysis and revealed PI3K/AKT to be strongly interconnected with the molecules
of interest (Figure 2E).
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Figure 2. A. Schematic representation of TGF-f induction of HaCaT cells followed by
different treatment conditions: Control (Con), Non-treated+Exosomes (NTExos), SIRT1
Inhibitor+Exosomes, (SIRT1 Inh+Exos) and SIRT1 Inhibitor (SIRT1 Inh); B. MTT assay of
SIRT1 Inh in HaCaT cells; B-C. Cytokines analysis by ELISA from HaCaT cell culture
supernatant; D. Western blot analysis of SIRT1/COX-2/IL-6 under the above-mentioned
treatment conditions; E. STRING analysis of
reprogramming of normal cells. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

interconnected DEGs involved in

4.4.3. The oncogenic properties conferred by exogenous exosomes are mitigated under the

effect of SIRT1 Inh by regulating PI3K/AKT pathway

Upon deriving that the exosomes impart oncogenic transformation into the normal cells, we
were inclined to study the effect of SIRT1 Inh on the exosomes incubated normal cells.
Colony forming assay revealed that the number of colonies was maximum under the effect of
exogenous exosomes followed by SIRT1 Inh + Exos and least number of colonies under the
inhibitory effect of SIRT1 Inh without any exosomes (Figure 3A) revealing that the
proliferative capacity of the cells which was imparted by oncogenic exosomes was inhibited
by SIRT1 Inh. The protein expression of E-cad and Vim also corroborated our hypothesis. We
observed that E-cad expression increased under the SIRT1 Inh effect and least under the
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effect of exogeneous exosomes whereas Vim expression was maximum under exosomal
effect and least in case of SIRT1 Inh (Figure 3B). Upon observing that EMT could be
targeted with SIRT1 Inh, we further strengthened our findings with flow cytometric analysis
of the EMT markers. The results obtained also revealed a similar expression pattern as
deduced in the protein expression level analysed by western blot (Figure 3C). The expression
of Snail also corroborated significantly with the previous findings (Figure 3D). Thus, to
define the underlying mechanism, dot blot assay revealed expression of PI3K/AKT/pAKT to
corroborate with our previous findings (Figure 3E), which stated an orchestra between
SIRT1/COX-2/IL-6 axis mediated inflammation thereby modulating metastasis in OvCa
regulated by PI3K/AKT signaling cascade.
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Figure 3. A. Colony-forming capacity of HaCaT cells; B. Western blot analysis of E-cad and
Vim under the Control (Con), Non-treated+Exosomes (NTExos), SIRT1 Inhibitor+Exosomes,
(SIRT1 Inh+Exos) and SIRT1 Inhibitor (SIRT1 Inh) in HaCaT cells; C. Flow cytometric
analysis of E-cad and Vim under Con, NTExos, SIRT1 Inh+Exos and SIRT1 Inh in HaCaT
cells; D. Expression status of Snail by IF under Con, NTExos, SIRT1 Inh+Exos and SIRT1
Inh in HaCaT cells; E. DOT blot analysis of PI3K/AKT/pAKT pathway under Con, NTExos,
SIRT1 Inh+Exos and SIRT1 Inh in HaCaT cells. (*P<0.05, **P<0.01, ***P<0.001,
**%*P<0.0001)

4.4.4. The increased growth and migration of the cancer cells are mitigated by the

combination treatment by increasing ROS generation

Upon deriving that SIRT1 Inh was arresting the EMT by regulating PI3K/AKT pathway, we
performed an in-vitro analysis on ID8 cells to understand its effect in combination with
exosomes Inh, GW4869. Firstly, the doses determined from the MTT assay revealed the
drugs SIRT1 Inh and GW4869 to be 0.8964uM and 7.887uM, respectively (Figure 4A-B).
We observed that proliferation of the colonies got more compromised under the combination
treatment of SIRT1 Inh and GW4869 as compared to their individual treatment (Figure 4C-
D). Interestingly, we observed that ROS generation is also increased at a significant level
under the combination treatment (Figure 4E) revealing that the proliferative and migration of

cancer cells were affected by the combination treatment.
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Figure 4. A-B. MTT analysis of SIRT1 Inh and GW4869 in ID§ cells; C. Colony formation
assay in ID8 cells under Con, SIRT1 Inh, GW4869 and SIRT1 Inh+GW4869; D. Transwell
migration of ID8 cells under Con, SIRT1 Inh, GW4869 and SIRT1 Inh+GW4869; E. ROS
generation in ID8 cells by DCFDA assay under Con, SIRT1 Inh, GW4869 and SIRT1
Inh+GW4869. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

4.4.5. Exosomal interference in EMT and proliferation of cancer cells are combatted by the

combination treatment of SIRT1 Inh and GW4869

Since, we observed that growth of colonies and migration of the cancer cells are combatted
by the combination treatment, we were inclined to investigate the baseline mechanism
responsible for the results deduced previously. Interestingly, we observed that the expression
of EMT markers E-cad increased whereas Vim expression decreased under the combination
treatment (Figure 5A-B). The same results were observed in case of proliferation marker, Ki-
67, with its decreased expression level under the combination treatment whereas no
significant decrease between the individual treatment of SIRT1 and GW4869, however, the

expression decreased as compared to the control (Figure 5C).
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Figure 5. A. IF analysis of E-cad expression in ID8 cells under Con, SIRT1 Inh, GW4869
and SIRT1 Inh+GW4869; B. IF analysis of Vim in ID8 cells expression under Con, SIRT1
Inh, GW4869 and SIRT1 Inh+GW4869; C. IF analysis of Ki-67 in ID8 cells under Con,
SIRT1 Inh, GW4869 and SIRT1 Inh+GW4869. (*P<0.05, **P<0.01, ***P<0.001,
**%*¥P<0.0001)

4.4.6. Combination treatment of SIRTI Inh and GW4869 increases the survival of the mice

The representation of OvCa development by injecting ID8 cells into C57BL/6 mice and the
treatment strategy is schematically revealed in Figure 6A. The sacrificed mice revealed
decreased metastatic implants in the omentum of the combination treatment group as
compared to the SIRT1 Inh and GW4869 followed by the vehicle control as represented in
Figure 6A. The TILs count increased within the treatment groups, maximum in the
combination treatment category, however, the glycogen deposition decreased under the
combination treatment group as compared to their individual treatment as compared to
normal (Figure 6B-C). There was a significant increase in %OS and a decrease in death rate
in the combination treatment group as compared to the SIRT1 Inh, GW4869 and vehicle

control (Figure 5D-E). The number of peritoneal implants and the volume of ascitic fluid

158



Chapter 4

decreased considerably in the combination treatment group (Figure SF-G). H&E staining of

organs from the mice bearing ovarian tumors treated with the drugs revealed no sign of

necrosis or thrombosis in the histological analysis of vital organs, including liver, spleen, lung

and ovary (Figure H-K), demonstrating the drugs to be highly selective.
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Figure 6. A. Experimental outline of in-vivo mice model; B. H&E staining of ovarian tumor
under Group 1: Vehicle control, Group 2: SIRT1 Inh treated, Group 3: GW4869 treated,
Group 4: Combination treatment of SIRT1 Inh and GW4869; C. Level of glycogen deposition
under Group 1: Vehicle control, Group 2: SIRT1 Inh treated, Group 3: GW4869 treated,
Group 4: Combination treatment of SIRT1 Inh and GW4869; D. Percentage of OS status; E.
Percentage of death; F. Determination of peritoneal implants; G. Measurement of ascitic
fluid; H-K, Representation of liver, spleen, lungs and ovary and their respective H&E

staining from different treatment groups. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

4.4.7. SIRTI/COX-2 is modulated by hypoxic TME under the combination treatment by
increasing PTEN

The expression of SIRT1, COX-2 corroborated with our previous findings where their
expression decreased with the treatment of SIRT1 Inh but surprisingly when we administered
the exosomal inhibitor, GW4869 in combination with the SIRT1 Inh, we observed there was
a considerable decrease in the expression of SIRT1 (Figure 7A) and COX-2 (Figure 7C). To
check whether the HIF-1a performs a role in modulating with SIRT1 and COX-2 expression,

we observed its lower expression under the combination treatment (Figure 7B). However, the

160



Chapter 4

PTEN expression increased significantly under the combination treatment as compared to the

individual treatment of SIRT1 Inh and GW4869 (Figure 7D).
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Figure 7. PTEN under Group 1:
Vehicle control, Group 2: SIRT1 Inh treated, Group 3: GW4869 treated, Group 4:
Combination treatment of SIRT1 Inh and GW4869. (*P<0.05, **P<0.01, ***P<0.001,
**%*¥P<0.0001)

4.4.8. Combination treatment reduces the proliferation, metastatic and angiogenesis markers

in OvCa tissues

Upon having a lead in observing that SIRT1 expression decreased under the combination
treatment (SIRT1 Inh+GW4869), we were inclined to understand the expression of the
proliferation marker and metastatic markers. Interestingly, we have observed Ki-67 status
decreased under the combination treatment group (Figure 8A), which strengthens our
findings of the colony formation in the in-vitro model. Furthermore, their colocalized
expression and the MFI of MMP2/MMP9 decreased under the combination treatment as
compared to SIRT1 Inh and GW4869 treatment alone as represented in Figure 8B-D.
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Surprisingly, angiogenesis markers VEGF and ANGPT2 also corroborated with the
expressional status of MMP2/MMP9 (Figure 8E-G).
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VEGF/ANGPT2; G. MFI of VEGF/ANGPT2 under Group 1: Vehicle control, Group 2:
SIRT1 Inh treated, Group 3: GW4869 treated, Group 4: Combination treatment of SIRT1 Inh
and GW4869. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)

4.4.9. Evaluation of EMT markers revealed their decreased expression under the combination

treatment

When we observed that the metastasis related factors decreased under the combination
treatment, we analyzed the expression of EMT markers (E-cad/Vim/Snail/Twist).
Surprisingly, we have observed that the epithelial marker E-cad was significantly increased
under the combination treatment whereas the mesenchymal markers like Vim decreased
(Figure 9A-B) and Snail/Twist expression decreased under the combination treatment as
revealed by their colocalized expression and their MFI under four distinct treatment groups
(Figure 9C-E).
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Figure 9. THC analysis of A. Epithelial marker E-cad; B. IHC analysis of mesenchymal
marker Vim; C. IF analysis of Snail/Twist; D. Colocalized expression of Snail/Twist; E. MFI
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of Snail/Twist under Group 1: Vehicle control, Group 2: SIRT1 Inh treated, Group 3:
GW4869 treated, Group 4: Combination treatment of SIRT1 Inh and GW4869. (*P<0.05,
*¥*P<0.01, ***P<0.001, ****P<0.0001)

4.4.10. Dysregulated glycolytic factors contribute to the metastasis of the cancer cells

After deducing the metastasis related factors, we were inclined to investigate the expression
of glycolytic markers and surprisingly, we observed that the expression of GLUT1, HKII and
PKM2 were increased in the control group. However, their expressions were comparatively
reduced under the treatment of SIRT1 Inh and GW4869. The combination treatment of SIRT1
Inh and GW4869 significantly reduced the expression of GLUTI1, HKII and PKM2 as

compared to their individual treatment, as represented in Figure 10A-C.
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Figure 10. THC analysis of A. GLUTI; B. IHC analysis HKII; C. IHC analysis of PKM?2
under Group 1: Vehicle control, Group 2: SIRT1 Inh treated, Group 3: GW4869 treated,
Group 4: Combination treatment of SIRT1 Inh and GW4869. (*P<0.05, **P<0.01,
**4¥P<0.001, ****P<0.0001

4.4.11. Altered metabolism was restored under the effect of SIRTI Inh and GW4869 in

combination

After analyzing the interrelated factors associated with metabolism and metastasis, we were
inclined to understand the altered metabolic reprogramming in OvCa. The protein was

isolated from the tumor tissues from all four different treatment categories (Figure 11A). We
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have observed that the glucose consumption level decreased under the combination treatment
(Figure 11B) and expectedly the pyruvate production increased (Figure 11C) whereas lactate
production decreased (Figure 11D) under the similar combination effect. To assess the
involvement of SIRT1 in it, we have performed SIRT1 activity assay which revealed that
SIRT1 activity decreased under the combination treatment (Figure 11E). Along with that, the
NAD/NADH ratio level (Figure 11F) as well as relative ATP levels also decreased under the
same treatment conditions (Figure 11G). Upon observing that PTEN expression decreases
with the treatment, to understand how the signaling cascade works, we analyzed the
PI3K/AKT/pAKT and observed that the results corroborated with our previous finding in the
normal cells. However, the combination treatment reduced their protein levels considerably
(Figure 11H). A similar result was observed in the case of IL-6 analyzed from the blood

serum as represented in Figure 111.
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Figure 11. A. Schematic representation of sample preparation for metabolic assays from mice

tissues; B. Glucose uptake assay; C. Pyruvate production assay; D. Lactate production assay;
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E. SIRTI activity assay; F. NAD/NADH ratio estimation; G. ATP measurement assay; H.
Western Blot of PI3K/AKT/pAKT; I. Determination of IL-6 secretion under Group 1: Vehicle
control, Group 2: SIRT1 Inh treated, Group 3: GW4869 treated, Group 4: Combination
treatment of SIRT1 Inh and GW4869. (¥*P<0.05, **P<0.01, ***P<(.001, ****P<(0.0001)

4.5. Discussion

Metabolism driven metastasis under an inflammatory milieu is a critical condition to
control the aggressiveness of OvCa. A correlation was established between SIRT1/COX-2/IL-
6 axis under the effect of exosomes in primary OvCa cells which triggered the metastatic
switch. The outcome of this signaling cascade was mitigated under the effect of SIRT1 Inh
which performs its role by promoting apoptosis in the cancer cells induced by increased ROS
production. In this report, we investigated the potential of the OvCa derived exosomes in
imparting oncogenic attributes to normal cells. In this context, after induction of EMT in the
normal cells by TGF-B, upon addition of exosomes, the results reflected decreased epithelial
marker E-cad, increased mesenchymal marker, Vim, elevated expression of Snail, increased
number of colonies and higher secretion of IL-6. These results confirmed that the isolated
exosomes from the poorly differentiated patient blood possessed oncogenic properties that

are conferred into the normal cells thereby influencing their oncogenic transformation.

To explore the effect of SIRT1 Inh in modulating the transformed normal cells, we
evaluated the secretion of pro-inflammatory cytokines. Interestingly, our results corroborated
with our previous findings revealing their increased secretion levels under the effect of
exosomes, however, the secretory levels decreased under the effect of SIRTI Inh.
Surprisingly, we also deduced that protein expression levels of SIRT1, COX-2 and IL-6
which increased significantly under the effect of exogenous exosomes but upon inhibiting
SIRT1 their expression status decreased. Upon evaluating the EMT markers, E-cad and Vim,
also corroborated with our previous findings, where under the effect of SIRT1 Inh E-cad
expression increased and Vim decreased. Upon observing the expression of Snail, it was
deduced that the nuclear translocation of Snail decreased under the effect of SIRT1 Inh which
was increased under exosomal effect. This result validated the hypothesis that SIRT1
interferes with the initiation of EMT under the influence of exosomes by regulating the
translocation of Snail which in turn affects the proliferation capacity of the transformed
normal cells. Previous findings also strengthened our findings that exosomes impart
oncogenic transformations in healthy cells. For instance, Elmageed et al. revealed that normal

adipocyte-derived stem cells undergo neoplastic transformation when incubated with PC
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adipocyte-derived by transferring exosomes into the normal cells [37]. Furthermore, Melo et
al. demonstrated that BC derived exosomes contain carry RNA-induced silencing complex
(RISC) loading complex proteins, Dicer, TRBP, and AGO2 pre-miRNAs which imparts
oncogenic attributes to the non-transformed epithelial cells by altering the transcriptome of
the host cells [38]. Additionally, healthy fibroblasts transform into CAFs under the effect of
bladder cancer-derived exosomes by enhancing IL-6 secretion which in turn regulates the
process of EMT [39]. Mesenchymal-epithelial transition (MET) is also modulated by
exosomes. Evidently, PC derived exosomes regulate patients' adipose derived stem cells
(ADSCs) by inducing MET and developing a prostate tumor in an in-vivo model [40]. In
nasopharyngeal carcinoma, the oncogenic exosomes transcriptionally regulate the host cells
by increasing the expression of HIF-la as cargo on the exosomes influenced by latent

membrane protein 1 (LMP1), the principal oncoprotein of Epstein-Barr Virus (EBV) [41].

Under this doctrine, when we confirmed that the exogenous exosomes actively
participate in the metastatic process whose effect is affected by the treatment of SIRT1 Inh,
we were interested in exploring the underlying mechanism responsible for this phenomenon,
thus we evaluated the PI3K/AKT pathway, as our previous findings illustrated that
PI3K/AKT is altered in OvCa. We interestingly deduced that the PI3K expression decreased
under the effect of SIRT1 Inh, which was previously increased under the effect of exosomes.
PI3K/AKT pathway is altered under the effect of SIRT1 Inh cancer cell derived exosomes,
which in turn promote oncogenic attributes in cancer cells. Evidently, Dai et al. stated that
CRC-derived oncogenic exosomes contain high levels of miR-10 which regulate the
fibroblasts in the TME and enhance the migration of the cancer cells by the PI3K/AKT
pathway [42]. Metastasis in GC is also modulated by oncogenic exosomes by the exosomal
transfer of LINCO1559 from mesenchymal stem cells to GC cells and regulates the
PI3K/AKT pathway [43]. Interestingly, we deduced similar results in the expression of AKT
and pAKT. Literature survey revealed that SIRT1 deacetylates and inhibits PTEN, which in
turn triggers the PI3K/AKT signaling cascade. Our findings of increased SIRT1 expression in
the tumor tissues with decreased PTEN expression was interestingly validated by a study by
lkenoue et al. where the deacetylation of PTEN by SIRT1 was proven, resulting in lower
expression of PTEN [44]. Lower expression and inactivation of PTEN by deacetylation in
OvCa activates the PI3K/AKT pathway which promotes the tumorigenesis, cell proliferation,
differentiation, angiogenesis and anti-apoptosis of the OvCa cells. The observations by Gao
et al stated that PI3K regulates the growth of OvCa cells by activation of an
AKT/mTOR/p70S6K1 signaling pathway [45]. Moreover, activated PI3K phosphorylate

167



Chapter 4

AKT in HCC [46] and this might be the underlying mechanism in case of the OvCa cancer
cells. Interestingly, in a research work by Wang et al., in lung adenocarcinoma, PI3K/AKT
expression controls the expression of COX-2 and inhibiting the signaling cascade decreases
the prostaglandin E2 (PGE) induced COX-2 expression [47]. Interestingly, COX-2 regulated
the secretory levels of IL-6 levels in microglia cells via activating STAT3 pathway [48] and
this establishes a strong interconnection between COX-2 and its downstream molecule IL-6.
The connection between COX-2 and IL-6 is also established in CRC patients [49]. COX-2 is
also highly expressed in PTEN mutated endometrial cancer cells which is regulated by AKT
[50]. As this regulatory signaling cascade driving the metastasis encompassing SIRT1, COX-
2, IL-6, PTEN, PI3K, AKT has not yet been evaluated in OvCa, thus our data indicates that
activation of PI3K/AKT induces the COX-2 expression. These findings encompassing all
these parameters have been evaluated for the first time in OvCa and as hypothesized, it can

be a beneficial finding in OvCa treatment strategies.

Keeping in mind, the pivotal roles played by exosomes in transferring oncogenic
attributes to non-tumor cells, we hypothesized that inhibiting the exosomal secretion can be a
potential therapeutic strategy for controlling tumor development. A well-known inhibitor of
exosomes biogenesis is GW4869 which by inhibiting nSMase2, GW4869 reduces the
biosynthesis and release of exosomes, thereby combatting the pro-tumorigenic signaling
mediated by exosomes [51]. For instance, in non-small cell lung cancer, EMT and
extracellular heat shock protein 90 alpha (HSP90a) are inhibited by GW4869 which enhances
the sensitivity of conventional drug gefitinib [52]. The expression of CD44 is compromised
and EMT is reversed in peritoneal mesothelial cells (PMCs) in OvCa by inhibiting the
exosomes release by GW4869 [53]. GW4869 also combats the uptake of miR-205 by human
umbilical vein endothelial cells (HUVECSs) and this underscores the pivotal role of exosomes
and microRNAs in cancer progression. This finding demonstrates that targeting exosome-
mediated communication can affect the aggressive behaviour of the OvCa cells [54].
Additionally, in SKOV3 cells, the oncogenic transfer of miR-205 by exosomes induces cell
proliferation, migration and invasion with attenuation of OvCa cells apoptosis with down
regulation of E-cad and increased Vim expression and upon treatment with GW4869 the
oncogenic attributes are reversed in SKOV-3 cells [55]. Exosomal transfer of Annexin A2
(ANXA2) from OvCa cells to HMrSV5 cells induces morphological changes and fibrosis of
HMrSVS cells by degrading ECM and inducing MMT by activating PI3K/AKT/mTOR
pathway. This provides a new theoretical basis for the mechanism of intraperitoneal

implantation and metastasis of OvCa [56]. These findings strengthened our results that the
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expression of metastatic markers, MMP2/MMP9, angiogenesis markers (VEGF/ANGPT2),
proliferation marker, Ki-67 and Vim decreased considerably under the effect of combination
treatment of SIRT1 Inh and GW4869, illustrating that metabolic inhibitor along with
inhibition of exosomes secretion can arrest the metastasis of OvCa. Additionally, PTEN and

E-cad increased under combination treatment.

Since metabolism is deregulated in OvCa, we were inclined to investigate the
metabolical changes under the inhibition of SIRT1 Inh, GW4869 and both in combination in
comparison to the control. KRAS mutant CRC cells have elevated expression of GLUTI,
which increases the uptake of glucose in the cancer cells that in turn contributes to metabolic
alterations in the cancer cells [57]. HIF-1 plays a role in exosome secretion from hepatic
stellate cells (HSCs) and the expression of glycolysis-related proteins GLUT1, PKM2 in HSC
exosomes underlines a new mechanism of HIF-1 in the metabolic reprogramming and
activation of HSCs, which is regulating glycolysis via exosomes. This novel mode of
activation and metabolic switch of HSCs and other liver non-parenchymal cells provides a
better understanding of the role of exosomes in the pathogenesis of liver fibrosis [58]. These
findings validated our results where the expression of GLUT1, HKII, PKM?2 decreased under
combination treatment as compared to the individual treatment of SIRT1 Inh and GW4869.
Additionally, triple negative BC (TNBC) cells derived exosomes regulate metabolic
reprogramming in CAFs, which induces mitophagy and lactate production [59]. Glucose
uptake, lactate production, pyruvate production SIRT1 activity, NAD/NADH ratio and ATP

decreased significantly under the combination treatment.

In a nutshell, we deduced that the exosomes derived from serum of poorly
differentiated OvCa patients carry oncogenic characteristics that have the capability to
transform the non-tumor cells into tumorous ones. However, the transformation can be
mitigated by SIRT1 Inh treatment since SIRT1 regulates the expression of EMT markers E-
cad and Vim by modulating the PI3K/AKT pathway. Additionally, when we treated the
cancer cells by a combination treatment of SIRT1 Inh and GW4869 we deduced that the EMT
and metastatic markers were decreased in an in-vivo setup. Interestingly, our results revealed
metabolic factors to be involved in driving the process thus the metabolical reprogramming

can be targeted to control the progression and aggressiveness of the disease.
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Conclusion

Investigations on the advancements in the field of translational research for the managing risk
factors of cancer are ongoing for improving survival of the patients. However, possible
explanation for the increasing cases of OvCa is that it had been a challenging issue for
gynaecology oncologists to uncover an absolutely potent cure for the disease. The
heterogeneity of OvCa disease limits evidences for the dynamic etiological factors to
understand the onset of the disease. The lack of effective screening process and improper
symptoms also restrains the diagnosis at an early stage which in turn makes the treatment

complicated due to its advanced stage.

Our study highlights the functions of SIRT1 as an important therapeutic target in
OvCa due to its modulatory functions in cancer-associated signaling pathways by facilitating
EMT process and initiating metastasis of the disease. Moreover, our study provides quality
evidence to demonstrate the efficacy of SIRT1 inhibitors both natural compounds and SMIs.
This unfolds the theme for future identification of better SIRT1 inhibitors. This resulted in
SIRT1 Inh IIT as a new specific and potent hit, much more potent than Hyperforin. These data
indicate that SIRT1 Inh III blocks the metastatic process and regulates the disease
progression. Thus, this study not only identified SIRT1 as a promising target but also

recognised SIRT1 Inh III as a potent therapeutic agent that may merit further investigation.

The association of CA-125 with the clinicopathological parameters revealed its strong
correlation with BMI, degree of dissemination, tumor differentiation, ascitic fluid. In this
context, since SIRT1 is a metabolic factor, upon analyzing its expression revealed its higher
expression in the hypoxic TME of OvCa under the excess burden of exosomes. Thus,
segregated levels of CA-125 in relation with expression of SIRT1 and its associated factors
can detect the aggressiveness of the disease by detecting metabolic dysregulations in cancer
cells and exosome concentrations. This provides a guideline to target the mechanism

involving them, offering an improved therapeutic outcome for the OvCa patients.

The lead provided in the previous study inclined us to study the sociodemographical
parameters revealing pain as a detectable factor that correlated with the tumor differentiation.
Since most of the symptoms are undetectable at an early stage however, analysis of pain can

be a symptomatic indication on the status of the disease. Additionally, pain is an outcome of
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inflammation and metastasis mediated by inflammation is an important criteria of cancer
aggressiveness. Thus, hypothesizing a circuitry in OvCa where SIRT1 is proven to be a
regulator of an inflammatory TME, influencing the metastasis under the oncogenic exosomes
needed exploration. Surprisingly, SIRT1 was found to regulate the metastasis and was
surprisingly observed the involvement of exosomes fueled the process but was eventually
mitigated by the SIRT1 Inh. Thus, targeting SIRT1 can be a novel treatment approach, which
can mitigate the metastatic cascade and also minimizes exosomal interference thereby it was
expected to minimize the pain in late-stage patients and improve the quality of life of patients

by decreasing the metastatic capability of the OvCa cells.

Under the context that exosomes confer oncogenic properties to non-transformed cells
it was deduced that the isolated exosomes from poorly differentiated patients were oncogenic
proven by imparting metastatic and proliferative properties to the normal cells. Thus,
targeting exosome biogenetic, secretion, may interrupt the metastatic cascade by controlling
the metabolic interactions, thus suppressing cancer development. Metabolic reprogramming
by alterations in the glycolytic cascade in OvCa also accounts for supplementing the SIRT1
expression by replenishing NAD levels which in turn modulates the metastatic cascade is a
complete circuitry to be considered as a target for OvCa treatment. This reprogramming drive

tumorigenesis and could define therapeutic targets.

Future prospects

For improvising the patient survival, controlling devastating malignant precedes are essential
that could be addressed via regulating metastasis, altering metabolism, developing body
response and importantly minimizing the ‘off target on side’ toxicities by not disturbing other
cellular mechanisms. Target cell specificity remains a challenge as exosomes are ubiquitously
released from almost all cells, either in malignant or normal conditions. Thus, tumor specific
delivery of inhibitors for exosomes release or any associated protein molecules remains a
challenge. Although the establishment of exosomal inhibitors is a dependable avenue for
cancer therapy, the above-mentioned limitations restrain the process.  Additionally, despite
the identification of multiple metabolic factors, the presence of adverse side effects, plasticity
and flexibility as well as metabolic heterogeneity, creates challenges in therapeutic strategies.

There is also an urgency to establish potent therapeutic approaches that can mitigate the
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development of resistance against metabolic or exosomal inhibitors. Importantly,
implementing this with other therapeutic regimens can prove to be a novel therapeutic avenue
in cancer therapy. This will potentially lead clinicians and researchers to break through the
drawbacks in understanding the molecular mechanisms to combat this disease. Continued
research and clinical trials are required to completely investigate the targeting capability of
the exosomes inhibitors and metabolic inhibitors which in turn will aid in understanding the
exosome-mediated communication in cancer. Thus, targeting exosome biogenesis and
secretion, especially in combination with other therapeutic agents like SIRT1 inhibitors, may

offer promising strategies for inhibiting OvCa metastasis.
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Background. Ovarian cancer (OvCa), the deadliest gynaecological malignancy, is associated with poor prognosis and high
mortality rate. Ovarian cancer has been related with CA-125 and metabolic reprogramming by SIRT1 leading to metastasis
with the involvement of exosomes. Methods. Clinicopathological data of OvCa patients were collected to perform the analysis.
Patients’ samples were collected during surgery for immunohistochemistry and flow cytometric analysis of SIRT1, HIF-1a,
exosomal markers (CD81 and CD63), ki-67, and PAS staining for glycogen deposition. Adjacent normal and tumor tissues
were collected as per the CA-125 levels. Results. CA-125, a vital diagnostic marker, has shown significant correlation with body
mass index (BMI) (P=0.0153), tumor type (P =0.0029), ascites level, ascites malignancy, degree of dissemination, tumor
differentiation, FIGO stage, TNM stage, laterality, and tumor size at P < 0.0001. Since significant correlation was associated
with BMI and degree of dissemination, as disclosed by IHC analysis, metabolic marker SIRT1 (P =0.0003), HIF-1a (P < 0.0001
), exosomal marker CD81 (P < 0.0001), ki-67 status (P =0.0034), and glycogen deposition (P <0.0001) were expressed more in
tumor tissues as compared to the normal ones. ROC analysis of CA-125 had shown 327.7 U/ml has the best cutoff point with
82.4% sensitivity and specificity of 52.3%. In addition, Kaplan-Meier plots of CA-125 (P <0.0001), BMI (P =0.001), degree of
dissemination (P <0.0001), and ascites level (P <0.0001) reflected significant correlation with overall survival (OS). Upon
multivariate Cox-regression analysis for overall survival (OS), BMI (P=0.008, HR 1.759, 95% CI 1.156-2.677), ascites
malignancy (P =0.032, HR 0.336, 95% CI 0.124-0.911), and degree of dissemination (P =0.004, HR 1.994, 95% CI 1.251-3.178)
were significant proving to be independent indicators of the disease. Conclusion. Clinicopathological parameters like BMI,
degree of dissemination, and ascites level along with CA-125 can be prognostic factors for the disease. Levels of CA-125 can
depict the metabolic and metastatic factors. Thus, by targeting SIRT1 and assessing exosomal concentrations to overcome
metastasis and glycogen deposition, individualized treatment strategy could be designed. In-depth studies are still required.

1. Introduction

Ovarian cancer (OvCa) is the third most common gynaecolo-
gical malignancy after cervical and uterine cancer with the
highest mortality and morbidity rate among all gynaecological
malignancies [1, 2]. Limitation of early diagnosis is the major
reason for poor survival and increased mortality rates among

the patients [3]. Late diagnosis is the result of nonspecific
and inappropriate symptoms which are mostly misinterpreted
as normal gastrointestinal and urinary symptoms. In addition
to this, several other factors possess the risk of developing
OvCa like age, menopausal status, body mass index (BMI),
parity, and family history [4]. As per World Health Organiza-
tion (WHO) classification, 60% of all primary OvCa is of
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epithelial origin, followed by germ cell (30%) and sex cord
stromal tumor (8%). Carcinomas of epithelial origin is the
most frequent form of OvCa having 80-85% occurrence rate
and is subcategorized depending on the proliferation rate of
epithelial cells and on histopathological types [5]. Epithelial
OvCa (EOC) is a heterogeneous group of neoplasms which
has been categorized under various histological subtypes,
namely, serous, mucinous, endometrioid, clear cell, transi-
tional cell tumors (Brenner tumors), carcinosarcoma, mixed
epithelial tumor, and undifferentiated carcinoma [6]. India
ranks the highest in mortality rate among the Asian countries
whereas incidences among young females have reduced in
Europe and North America [7]. The age-adjusted OvCa
occurrence rates in India lie between 0.9 to 8.4 per 100,000
population distributed in different parts of the country [8]. It
has been estimated that by the end of 2020, there would be
59,276 new OvCa cases in India, and it has been assessed that
the rate of incidences would increase by 55% by the end of
2035 while mortality rate would be uplifted by 67% [9]. In
Indian scenario, where the patients are diagnosed at a later
stage and with bleak chances of good prognosis, there is an
absolute necessity to assess the disease at an early stage to
improve the survival.

Accurate monitoring of the disease is hindered by local
invasion of the tissues deep within the pelvis and peritoneal
seeding leads to metastasis, thereby making early diagnosis
difficult to assess. Thus, there is a need to detect the disease
with preferably good diagnostic and prognostic factor. A
wide range of clinical and histopathological characteristics
have been exhibited by the primary OvCa lesions. Out of
the various clinicopathological parameters, serum cancer/
carbohydrate antigen-125 (CA-125), a glycoprotein synthe-
sized by neoplastic OvCa cells, has been proven to be a
potent tumor marker, which is closely associated with tumor
burden and easy to assay [10].

Persistent efforts are being conducted to assess the tumor
molecular markers like ki-67 (a proliferation marker), p53,
estrogen receptors, progesterone receptors, and E-cadherin
(E-cad) of EOC by immunohistochemical (IHC) analysis
[11, 12]. Substantial evidences have reflected that metabolic
reprogramming contributes to survival of the cancer cells
[13], but the relation with metastasis and recurrence in
OvCa needs attention. Keeping in pace with the detection
of tumor markers, we have assessed by performing THC
the expression of metabolic marker, silent information regu-
lator 1 (sirtuin 1/SIRT1), since dysfunction in metabolic
reprogramming is one of the hallmarks of cancer. SIRT1
being NAD+ dependent acts as metabolic sensor, and its
deacetylating property hampers cellular metabolism [14].
Recent evidences have suggested the role of extracellular ves-
icles, the exosomes in metabolic reprogramming of the can-
cer cells, which promotes their proliferation, angiogenesis,
and immunosuppression in the tumor microenvironment
(TME) and eventually leads to metastasis [15]. In these
efforts, we have tried to evaluate the status of exosomes
which are responsible for intercellular communication via
transfer of distinct cargoes carried by them and promote
peritoneal dissemination [16]. Metabolic alterations have a
huge contribution in promoting cancer cell progression
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and metastasis. When the cancer cells migrate from their
primary tumor sites to a secondary location, they need to
adapt with the metabolic state in the new metastatic niche.
Metabolic factors including several amino acids like aspara-
gine, proline, and serine and several by-products from met-
abolic pathways like pyruvate, acetate, and lactate as well as
the by-products of fatty acid oxidation (FAO) aid the cancer
cells to adapt to the metabolic environment of the new TME
by supplying energy [17]. Secondly, the acidification of
extracellular space due to the release of CO,, lactate, and
other organic acids from metabolically active cancer cells
also contributes in degrading extracellular matrix, thereby
promoting metastasis [18]. Furthermore, the accumulation
of glycogen in the cancer cells has introduced a new arena
of research. The dysregulations of the enzymes involved in
glycogen metabolism have been related to tumor cell prolif-
eration, migration, and invasion, which eventually lead to
malignancy of the cancer [19]. Recent study has revealed
that OvCa cell metabolism requires more FAO in compari-
son to aerobic glycolysis for increasing the availability of
ATP to nourish the cancer cells for proliferation and migra-
tion [20]. Glycogen fuels glycolysis to nurture the cancer
cells during nutrient deficiency and metabolically compro-
mised conditions in the TME [21]. An oxygen tension level
always prevails in the tumor condition leading to a hypoxic
atmosphere that can alter cancer cell metabolism as well as
induce elevated secretion of the exosomes [22, 23]. As a
mode of survival in hypoxic TME, the cancer cells accom-
modate themselves in small vasculatures of size 100-
200 ym which in turn regulates the oxygen limit in the tis-
sues [24]. Cells can directly sense oxygen level that influ-
ences cellular physiology by the aid of several regulatory
elements [25]. One such controlling element is hypoxia
inducible factor la (HIF-la) which induces the hypoxic
TME and is associated with tumor cell metabolism and exo-
some release. Thus, HIF-1a is also taken under consider-
ation in order to develop a compact coordination among
the factors considered in this study.

Therefore, in this cohort study, we have analyzed the
serum levels of CA-125 at the diagnostic stage and related
it to other clinical parameters, and depending on the signif-
icant correlated clinicopathological parameters, we have also
analyzed the expression of metabolic and metastatic biomol-
ecules which can be further established as therapeutic targets
and biomarkers for early diagnosis.

2. Materials and Methods

2.1. Antibodies and Reagents. Primary antibodies were
applied to analyze the expression of SIRT1, HIF-1a, CD81,
and CD63. Rabbit polyclonal anti-human SIRT1 antibody
(Cell Signaling Technology: D739) was used to detect the
expression in both normal and tumor samples. For evaluat-
ing the expression of HIF-1a, we have used rabbit anti-
human polyclonal antibody (Santa Cruz Biotechnology:
sc10790) and CD81 expression was evaluated using purified
mouse anti-human CD81 antibody (BioLegend: #349501).
Flow cytometric analysis was observed by anti-human
CD63 antibody (BioLegend: #353027). Mouse anti-rabbit



BioMed Research International

IgG-HRP secondary antibody (Santa Cruz: sc-2357) was uti-
lized against the primary antibody. Other reagents used are
included in Supplementary file 1.

2.2. Study Population and Data Collection. The study popu-
lation includes women who attended the Cancer Detection
Centre at Chittaranjan National Cancer Institute, Regional
Centre, Kolkata, India. The study has been approved by
the Institute Ethics Committee (CNCI-IEC-40104). The data
set comprises clinical characteristics including age, BMI,
potent tumor markers like carcinoembryonic antigen levels
(CEA), CA-125 and cancer antigen 19.9 (CA 19.9), ascites
level, malignancy present in ascites, degree of spread of the
disease, differentiation of tumor cells, tumor type, FIGO
stage of tumor, TNM grading, laterality of tumor, and size
of tumor. The relevant clinicopathological characteristics
have been collected from their clinical records. All the infor-
mation was recorded by the attending physicians.

2.3. Study Design. This retrospective study comprises data col-
lected from the records of the patients in the year 2019-2021.
Our study includes all the patients (N = 248) who have been
diagnosed with OvCa irrespective of the age criteria. Patients
who have undergone or not undergone surgery and/or chemo-
therapy with variable clinical characteristics have been consid-
ered in the study. The exclusion criteria include those patients
who had comorbidities like cardiac problem or gastrointesti-
nal problems, those who were pregnant or lactating, and those
who had prior diagnosis of different forms of cancer. Along
with the analysis of clinicopathological parameters retrospec-
tively, we were also inclined to evaluate the expression of bio-
molecules related to metabolic and metastatic regulations in
OvCa irrespective of the histological subtypes in order to get
the molecular status in patients (N = 21).

2.4. Patient Sample Collection. OvCa samples were collected
from patients who have undergone surgery at Chittaranjan
National Cancer Hospital. Tumor tissues and adjacent normal
tissues were collected from patients during surgery according
to the segregation of CA-125 level at the diagnostic stage with
written consent form from the respective patients. The clinical
records were collected retrospectively, thus, the written con-
sent information was not required from the patients and prior
to analysis, patient details were anonymised.

2.5. Immunohistochemical Analysis. Paraffin embedding and
tissue sectioning from both tumor tissues and adjacent nor-
mal tissues were conducted and IHC staining was followed.
The tissue section slides were deparaffinized using xylene
followed by rehydration in a series of graded concentrations
of alcohol. In order to augment the expression of antigen,
10 Mm citrate buffer solution (pH 6.0) was added to the
slides. The slides were further treated with 3% hydrogen per-
oxide dilute in 100% methanol and kept at room tempera-
ture for 15min, followed by a PBS wash to stop the
endogenous peroxidase activity. The slides were kept at 4°C
overnight after addition of primary antibody in humidified
chambers. A 1:500 dilution of SIRT1, HIF-1a, ki-67, and
CD81 was used as the primary antibodies. After overnight
incubation, the slides were washed in PBS and anti-rabbit

TaBLE 1: Frequency profiles of clinicopathological parameters
assessed in the study subjects.

Clinicopathological parameters Frequency (N) Percentages (%)

Age

<18 6 24
19-40 53 214
41-60 136 54.8
>60 53 214
Body mass index (BMI)

Underweight 25 10.1
Normal 96 38.7
Overweight/obese 127 51.2
CEA (ng/ml)

<5 107 43.1
>5 141 56.9
CA-125 (U/ml)

<35 30 12.1
35.1-499.9 99 39.9
500-999.9 49 19.9
>1000 70 28.2
CA 19.9 (Uiml)

<28 78 31.5
>28 170 68.5
Ascites level

High 97 39.1
Moderate 83 335
Low 68 27.4
Ascites malignancy

Negative 112 452
Positive 136 54.8
Degree of dissemination

Pelvic dissemination 103 41.5
Distant metastasis 55 22.2
Localized 90 36.3
Tumor differentiation

Well differentiated 59 23.8
Moderately differentiated 65 26.2
Poorly differentiated 124 50.0
Tumor type

Epithelial 232 93.5
Nonepithelial 16 6.5
FIGO stage

I 58 23.4
II 65 26.2
I 72 29.0
v 53 21.4
T stage

T1 58 23.4
T2 82 33.1
T3 108 43.5
N stage




TaBLE 1: Continued.

Clinicopathological parameters Frequency (N) Percentages (%)

NO 83 335
Nx 75 30.2
N1 90 36.3
M stage

MO 81 32.7
Mx 106 42.7
M1 61 24.6
Laterality

Unilateral 156 62.9
Bilateral 92 37.1
Tumor size (ccm)

<5%x5%5 158 63.7
>5%5%5 90 36.3

secondary antibody in a dilution 1:1000 was added,
followed by incubation at room temperature for 2 hours.
The reaction was visualised by adding 3,3'-diaminobenzi-
dine tetrahydrochloride, which reacted for 10 minutes.
Finally, haematoxylin was added to counterstain the speci-
men and dehydrated using a gradient alcohol wash, followed
by sealing the slides with coverslips using DPX [26]. The
images for each sample were taken in a brightfield com-
pound microscope (Leica Microsystems: #Model DM1000)
and analyzed.

2.6. Flow Cytometric Analysis. Firstly, single cell suspension
was prepared by collagenase IV treatment to the tissues
followed by straining the tissue through a 0.4 um strainer
and then centrifuging at 2000 rpm for 10 min. The superna-
tants for each sample were discarded and incubated in RBC
lysis buffer for 5min at RT, followed by centrifugation at
400g for 5min and the cells were stored at -80°C in 10%
DMEM freezing media for subsequent flow cytometry [27].
The single cell suspension was thawed and centrifuged at
2000rpm for 5min. After discarding the supernatant,
APC/Fire-tagged CD63 antibody in a dilution of 1:500
was added and incubated for 1 h [28]. The stained cells were
acquired using a BD LSRFortessa Flow Cytometry (San Jose,
CA, USA) and analyzed using FCS Express 7.

2.7. PAS Staining for Detecting Glycogen Accumulation. PAS
staining was conducted following Chatterjee et al. [29].
Briefly, paraffinized slides were deparaffinized using xylene,
and then, the slides were taken in Columbia staining dish
for treatment with Carnoy’s fixative for 10 min. The slides
were rinsed 3 times with distilled water, followed by addition
of periodic acid solution for staining (10 min). The slides
were again washed 3 times with distilled water. After
removal of excessive periodic acid stain, Schiff reagent was
added to the slides and kept for 5 min. In order to remove
the excess Schiff reagent, the slides were again washed with
distilled water followed by their dehydration in ascending
alcohol solutions (50%, 70%, 90% and 100%). After the
dehydration process, the slides were mounted with DPX
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and covered with coverslips. Images were taken after 1h of
mounting in Leica brightfield microscope in 20x and 40x
magnifications and analyzed using Fiji-Image]J software.

2.8. Statistical Analysis. The statistical analysis of the clinical
records was performed using IBM SPSS25 Statistics soft-
ware. The frequency table and cross tabulation were pre-
pared using this software whereas the graphs for the
frequency distribution were prepared using GraphPad Prism
software by one-way analysis of variance (ANOVA) and
unpaired t-test wherever applicable. The chi-square test
was performed using GraphPad Prism software (version 5).
Image analysis was carried out using Fiji-Image] software
(https://imagej.net/Fiji). Statistical analysis of the clinical
images was conducted using GraphPad Prism software. Flow
cytometry analysis was performed using FCS Express 7 soft-
ware. Cox-regression analysis and ROC analysis were done
using IBM SPSS25 Statistics software. P value < 0.001 and
<0.05 was considered statistically significant.

3. Results

3.1. Analysis of Clinicopathological Data of OvCa Patients’
Cohort. A total of N =248 case records have been found eli-
gible to be included in the study. Table 1 comprises fre-
quency distribution of the clinicopathological data of the
ovarian cancer patients. The parameters associated with
OvCa including age, levels of tumor markers like CA-125,
CEA, and CA 19.9, ascites level, ascites malignancy, degree
of dissemination, tumor differentiation, tumor type, FIGO
stage, TNM staging, laterality of tumor, and tumor size were
considered for the study. Ovarian cancer seems to be more
prevalent in patients belonging to the age group 41-60 years
(54.8%), and the least occurrence was observed in the age
group below 18 years (2.4%), whereas age group 19-40 and
greater than 60 years shared the same proportion of patients
(21.4%). BMI was observed to be associated with occurrence
of the disease where overweight and obese patients
(BMI >25kg/sq.m) were more likely to develop ovarian
cancer (51.2%) as compared to the normal (38.7%) lying
within  18.5kg/sq.m-24.9kg/sqm and underweighted
patients (10.1%) whose BMI was <18.5kg/sq.m. The levels
of antigen markers like CA-125, CEA, and CA 19.9 have
been associated with diagnosis of the disease [30]. Most of
the patients had CEA levels >5ng/ml (56.9%) whereas
43.1% of victims had CEA levels < 5 ng/ml. CA-125 has been
subdivided into four groups in order to derive the distribu-
tion of patients at different levels of CA-125. <35U/ml is
considered to be a normal range, but still this level consisted
of 12.1% of patients with OvCa. The maximum patients who
were diagnosed with cancer were in the range 35.1-499.9
(39.9%), followed by >1000 U/ml and 500-999.9 U/ml with
28.2% and 19.9%, respectively. CA 19.9 level greater than
>28 U/ml was associated with maximum number of patients
(68.5%) and 31.5% of patients had CEA levels < 28 U/ml,
which is considered to be normal. All the patients consid-
ered for the study were associated with different ascites levels
determined upon radiological findings. 39.1% of the patients
had high levels of ascites, followed by 33.5% having
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TaBLE 2: Association of CA-125 levels with clinicopathological parameters.

Clinicopathological parameters CA-125 (U/ml) b P value
Low High
<35 35.1-499.9 500-999.9 >1000
Age
<18 1 3
19-40 8 28
41-60 13 50 29 44 1230 0.1968
>60 8 18 9 18
Body mass index (BMI)
Underweight 2 11 3 9
Normal 14 49 17 16 15.73 0.0153
Overweight/obese 14 39 29 45
CEA (ng/ml)
<5 14 52 17 24
55 16 47 3 46 7.369 0.0610
CA 19.9 (U/ml)
<28 6 40 13 19
6.658 0.0836

>28 24 59 36 51
Ascites level
High 0 15 25 57
Moderate 5 46 19 13 135.7 <0.0001
Low 25 38 5 0
Ascites malignancy
Positive 1 39 33 63
Negative 29 60 16 7 7 <0.0001
Degree of dissemination
Pelvic dissemination 3 40 29 31
Distant metastasis 0 7 13 35 108.3 <0.0001
Localized 27 52 7 4
Tumor differentiation
Well differentiated 21 32 4
Moderately differentiated 9 34 13 9 94.56 <0.0001
Poorly differentiated 0 33 32 59
Tumor type
Epithelial 24 92 46 70

o 14.02 0.0029
Nonepithelial 6 7 3 0
FIGO stage
I 21 32 3
II 9 34 13
I 0 2% 2 24 114.2 <0.0001
v 0 7 11 35
T stage
T1 22 31 3 2
T2 8 39 14 21 87.55 <0.0001
T3 0 29 32 47
N stage
NO 15 38 16 14
Nx 14 35 10 16 34.97 <0.0001

N1 1 26 23 40
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TaBLE 2: Continued.

Clinicopathological parameters CA-125 (U/ml) b P value
M stage
MO 13 31 19 18
Mx 17 58 14 17 53.25 <0.0001
M1 0 10 16 35
Laterality
Unilateral 28 69 24 35

. 22.93 <0.0001
Bilateral 2 30 25 35
Tumor size (ccm)
<5%x5%5 3 52 39 64

71.40 <0.0001

>5%x5%5 27 47 10 6

moderate levels and mild ascites were found in 27.4% of the
patients. Malignant ascites has been associated with progno-
sis of the disease leading to poor quality of life and leads to
mortality. In our study, we had deduced that more than
50% of the patients had ascites malignancy and 45.2% of
the patients had no malignant ascites. Since OvCa has been
associated with tumor metastasis or degree of dissemination,
it was observed that pelvic dissemination (PD) was recorded
to the highest (41.5%), followed by localized tumor (36.3%)
and 22.2% was associated with distant metastasis (DM). Dif-
ferentiation of tumor cells also plays a pivotal role in spread
of the disease. Moderately to poorly differentiated OvCa cells
were mostly observed in the later stages and associated with
significant risk of poor prognosis [31]. Here, it was observed
that 50% of the patients had poorly differentiated tumor cells
and the remaining half either had well differentiated (23.8%)
or moderately differentiated (26.2%) depending on the stage
of the cancer. Since EOC is the most common form of OvCa
and that was also reflected in our results (93.5%), the
remaining 6.5% was of non-EOC. Early diagnosis of OvCa
remains the main challenge for survival; thus, it was
observed that most of the patients diagnosed were at stage
III (29%), followed by stage II (26.2%), stage I (23.4%), and
stage IV (21.4%), respectively. The patients were further cat-
egorized based on TNM grading where T3 stage (43.5%)
with involvement of both the ovaries with peritoneal metas-
tasis, N1 stage (36.3%) with regional lymph node metastasis,
and Mx stage (42.7%) where distant metastasis was not
observed was maximum shown in Table 1. In respect to
laterality of tumor, unilateral tumor was higher (62.9%) than
bilateral tumor (37.1%) and tumor size less than <5 * 5 % 5
ccm (63.7%) was more in comparison to tumor more than
>5#% 5% 5ccm (36.3%). Graphical representation of fre-
quency distribution with P < 0.05 being statistically signifi-
cant has been presented in Supplementary file 2.

3.2. Association of CA-125 Level with Clinicopathological
Features. The levels of CA-125 at the time of diagnosis were
recorded and categorized into low and high. Low level
included CA-125 level <35U/ml, and high level (>35U/
ml) was subdivided into three sections as 35.1-499.9, 500-
999.9, and >1000U/ml. Table 2 summarizes the data of
patient cohort distributed among the various levels of CA-

125. A nonsignificant relation was deduced in case of CA-
125 with age (P=0.1968) and other tumor marker levels
CEA (P=0.0610) and CA 199 (P=0.0836) whereas a
strong association of CA-125 was observed with the other
clinicopathological parameters like BMI (P = 0.0153), ascites
level and ascites malignancy, and tumor differentiation
(P < 0.0001).

3.3. SIRT1 Expression Increases in Ovarian Tumor in
Association with Overexpression of HIF-1a in the Tumor
Tissues. We have evaluated the metabolic biomarker SIRT1
expression in the ovarian tissue both in cancerous state
and normal state. It was observed that SIRT1 expression
was remarkedly higher in the cancer tissue in comparison
to the adjacent normal ovarian tissue (P =0.0003). SIRT1
is the downstream target of HIF-1aw which is one of the
major factors to create a hypoxic TME, contributing to
tumor development and progression. In order to determine
the nonphysiological oxygen tension level (hypoxia) in the
TME, we have evaluated the level of expression of HIF-1«
in both cancer and normal tissues. HIF-1a expression was
significantly high in cancer tissues in comparison to normal
tissues (P < 0.0001). Moreover, a decreased expression of
HIF-1a with reduced SIRT1 expression in the normal tissues
further validated the fact that hypoxic TME created by HIF-
la regulates the expression of SIRT1 in the cancer tissues
with a significant correlation (Figures 1(a)-1(j)).

3.4. Overexpressed SIRT1 in TME Induces Greater Secretion
of Exosomes from OvCa Cells. We have performed IHC anal-
ysis for exosomal surface marker CD81 in OvCa tissues as
exosomes participate in preparing a premetastatic niche
(PMN) for the migrating cancer cells at the secondary site
and promote metastasis [32]. We observed an elevated
expression of CD81 in the cancer tissues as compared to
normal tissues (Figures 2(a)-2(d)), and the significant
graphical representation is found in Figure 2(e) (P < 0.0001
). Further, to validate the IHC result, flow cytometric analy-
sis for exosomes detection with CD63 antibody depicted
increased levels of CD63 in the cancer cells in comparison
to the normal cells (Figure 2(f)).
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FIGURE 1: Expression of SIRT1 and HIF-1a. (a) SIRT1 expression in normal ovarian tissue (20x). (b) SIRT1 expression in normal ovarian
tissue (40x). (c) SIRT1 expression in ovarian tumor tissue (20x). (d) SIRT1 expression in ovarian tumor tissue (40x). (e) Graphical
representation of SIRT1 expression, P =0.0003. Expression of HIF-1a. (f) HIF-1a expression in normal ovarian tissue (20x). (g) HIF-1a
expression in normal ovarian tissue (40x). (h) HIF-1a expression in ovarian tumor tissue (20x). (i) HIF-1a expression in ovarian tumor
tissue (40x). (j) Graphical representation of HIF-1a expression, P < 0.0001.

3.5. Overexpression of SIRT1 and Exosomes Influences the
Metastasizing Capacity of the OvCa Cells. Imbalance in the
SIRT1 expression and exosome concentration shows a posi-
tive correlation with the proliferation marker, ki-67. IHC
was conducted to evaluate the metastasizing ability of the
OvCa cancer cells (Figures 3(a)-3(e)); it was observed that
expression of ki-67 was significantly higher in the tumor
cells as compared to the normal cells (P = 0.0034). This indi-
cated that the chances of metastasis were enhanced when
SIRT1 is overexpressed which in turn influences the exo-
somes concentration in the tumor cells.

3.6. Dysregulated SIRT1 Influences the Deposition of
Glycogen in OvCa. Deposition of glycogen serves as nutri-
tional source for the survival of cancer cells; thus, periodic
acid/Schift (PAS) staining was conducted to determine the
accumulation of glycogen in both the tissues which revealed
that the glycogen deposition was remarkably more in the
cancer cells than in the normal cells (P < 0.0001), illustrating
that the cancer cells have huge storage of glycogen for their
usage during nutrient deprivation stage for their growth
and survival (Figures 4(a)-4(e)).

3.7. Correlation between Clinical Factors and Overall
Survival. Survival analysis was conducted with clinically
defined endpoint, ie., OS. Kaplan-Meier plots upon log
rank test revealed OS of CA-125 (x* =26.841) was signif-
icant (P < 0.0001) represented in Figure 5(b). Similarly, OS
of both degree of dissemination (y*=85.033) and ascites
malignancy (x*>=45.042) and BMI (y*=13.473) had
shown significance at P <0.0001 and P =0.001, respec-
tively (Figures 5(c)-5(e)). The overall mean survival time
for all the factors was observed to be 18.780 months with
95% CI 17.754-19.805. The ROC curve of CA-125
(Figure 5(a)) has been evaluated which revealed an area
under curve (AUC) of 0.719 which was statistically signif-
icant (P <0.0001). The best cutoff point for CA-125 in
this study is 327.7U/ml with sensitivity =82.4% and
specificity = 52.3%.

3.8. Risk Attributes of Clinicopathological Parameters in
Survival of OvCa Patients. Depending on the correlation of
CA-125 with the clinicopathological characteristics, we have
performed overall survival analysis of the patients in relation
to BMI, ascites malignancy, degree of dissemination, tumor
differentiation, FIGO stage and tumor size. Univariate anal-
ysis revealed BMI, CA-125, ascites level, ascites malignancy,
tumor differentiation, degree of dissemination, FIGO stage,
tumor type, T stage, N stage, M stage, laterality, and tumor
size (Supplementary file 3). Based on these findings, multi-
variate Cox-regression analysis was conducted. Table 3
unveils the multivariate Cox regression analysis of the
parameters taken under consideration in which BMI (HR
1.759; 95% CI 1.156-2.677; P =0.008), ascites malignancy
(HR 0.336; 95% CI 0.124-0.911; P =0.032), and degree of
dissemination (HR 1.994; 95% CI 1.251-3.178; P =0.004)
are independent predictors of the OS of the patients.

4. Discussion

Early diagnosis of OvCa, which helps to improve the survival
rate of the patients, remains a challenge for the clinicians.
However, CA-125 level serves as a promising diagnostic
marker, but still the survival of the patients remains compro-
mised in most of the cases. Thus, there is a need to develop
personalised treatment strategy for the patients for better
response. This research work has analyzed the CA-125 levels
and correlated with the clinicopathological parameters.
Since most of the parameters held a significant correlation,
we have targeted only those parameters that were related
to metabolism like BMI and the spreading of cancer like
degree of dissemination (metastasis) that hold the risk for
the survival of the patients. Thus, we were more inclined
to analyze the expression level of SIRT1, ki-67, status of gly-
cogen deposition, HIF-1«, and intercellular communicators,
i.e., exosomes, so that a preliminary idea can be provided for
designing the individualized treatment regimen by targeting
them at the diagnostic level. Upon further investigation and
validation, they can be established as biomarkers for OvCa.
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FIGURE 2: Expression of CD81 and CD63. (a) CD81 expression in normal ovarian tissue (20x). (b) CD81 expression in normal ovarian tissue
(40x). (c) CD81 expression in ovarian tumor tissue (20x). (d) CD81 expression in ovarian tumor tissue (40x). (e) Graphical representation of
CD81 expression, P < 0.0001. (f) Flow cytometric graphical representation of CD63 in normal and tumor tissues (P < 0.0001).

Metabolic reprogramming is essential for the cancer cells
to facilitate cellular growth, proliferation, and their persis-
tence. Current researches on energy metabolism in OvCa
have also been steered, where 39 energy metabolism-
related genes significantly correlated with disease prognosis
[33]. SIRT1, a class IIT histone deacetylases (HDACs), is
considered as the key metabolic regulator. In response to
various external stimuli, it impacts the metabolic status of
the cancer cells in regulating the chromatin structure and
gene expression [34]. Among the seven members of the sir-
tuin family, SIRT1 is the most extensively studied in the can-
cer types as there are conflicting evidences regarding the
association of SIRT1 and tumorigenesis [35]. For instance,

in colon cancer and melanoma, it acts as a tumor suppressor
by deacetylating histidine triad nucleotide-binding protein
(HINT) 1 and enhances its binding efficacy with oncogenic
transcription factor p-catenin and microphthalmia tran-
scription factor (MITF) [36]. Simultaneously, in lung adeno-
carcinoma, it induces the tumorigenicity of the cancer cells,
thus fuelling the cancer progression and survival of the can-
cer cells [37]. Activity of SIRT1 is tightly regulated by NAD
+/NADH levels in a cell, where for deacetylation of targeted
proteins, NAD+ serves as a major substrate for SIRT1 [34].
Evidences suggest that hypoxia is one of the hallmarks of
malignant tumors and SIRT1 being a downstream target of
HIF-1a is observed to be upregulated in OvCa, thereby
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FIGURE 3: Expression of ki-67. (a) ki-67 expression in normal ovarian tissue (20x). (b) ki-67 expression in normal ovarian tissue (40x). (c) ki-
67 expression in ovarian tumor tissue (20x). (d) ki-67 expression in ovarian tumor tissue (40x). (e) Graphical representation of ki-67

expression, P = 0.0034.

conferring cancer stem cell-like properties [38]. HIF-1«
expression can be a prognostic biological marker in poorly
differentiated serous ovarian carcinoma [39]. Our data
revealed that HIF-1a was expressed more in the OvCa tis-
sues as compared to the adjacent normal ones, which might
have regulated the expression of SIRT1 which could influ-
ence glycogen deposition in the cells [40]. Interestingly, hyp-
oxic TME also facilitates greater secretion of minute
extracellular biomolecules especially exosomes which aids
in the promotion of the aggressiveness of cancer cells [41].
In an earlier study, it has been established that CA-125 pro-
duction and release are related to exponential cell growth.
Inhibition of the cell cycle at the G2/M phase by cyclohexi-

mide not only resulted in the death of the cells but also sig-
nificantly minimized the rate of secretion of CA-125 from
the cancer cells [42]. The secretion of CA-125, a heavily gly-
cosylated membrane-bound protein, relies upon the epider-
mal growth factor receptor (EGFR) signal transduction
pathway signaling of the cancer cells [43], and prior to its
release, it undergoes phosphorylation at the serine/threonine
followed by its cleavage by extracellular protease [44]. In
addition to this, Li et al. have also established a link between
SIRT1, EGFR, and BRCAL axis in enhancing the resistance
of the OvCa cells towards cisplatin. They have observed that
the expression levels of SIRT1, EGFR, and BRCA1 were sig-
nificantly high in the cisplatin-resistant OvCa cells as
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FIGURE 4: Levels of glycogen deposition. (a) Glycogen deposition in normal ovarian tissue (20x). (b) Glycogen deposition in normal ovarian
tissue (40x). (c) Glycogen deposition in ovarian tumor tissue (20x). (d) Glycogen deposition in ovarian tumor tissue (40x). (e) Graphical

representation of glycogen deposition, P < 0.0001.

compared to the cisplatin-sensitive cancer cells [45]. Since
an underlying signaling cascade involving BRCAI-
mediated SIRT1 transcriptional regulation of EGFR expres-
sion has been evaluated, it validates our hypothesis that
increased SIRT1 expression directly modulates the CA-125
levels. Thus, estimating the SIRT1 levels at the diagnostic
level can also be established as a metabolic biomarker of
OvCa. In addition, the association of SIRT1 and exosomes
has been also deduced by Latfikar et al. illustrating that
SIRT1 exhibits a tumor suppressive role in breast cancer
and reduction in SIRT1 expression promotes elevated secre-
tion of exosomes [46]. It is definite that SIRT1 influences the

release of exosomes, but according to our data, it may be said
that SIRT1 has tumor promotive function by inducing
greater secretion of exosomes in OvCa [47], which can be
estimated by observing its relatively higher expression in
the tumor tissues as compared to the normal ones. Recently,
it has been evaluated that exosomal CA-125 increases OvCa
diagnostic efficacy [48]. This finding further confirms that
greater concentration of exosomes can be related to higher
CA-125 levels. CA-125 being synthesized by the epithelial
cells [49] may get incorporated into the exosomes to be
secreted during their cargo loading. Since the hypoxic state
of TME enhances the production of exosomes, it can be
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Figure 5: ROC curve and Kaplan-Meier overall survival (OS) graphs of clinicopathological parameters. (a) ROC curve of CA-125. (b) OS
graph of CA-125. (c) OS graph of BMI. (d) OS graph of degree of dissemination. (e) OS graph of ascites malignancy.

established that hypoxic condition mediated by HIF-1« reg-
ulates the expression of SIRT1 which in turn enhances the
secretion of CA-125 and exosomes. Exosomes, being
30 nm-150 nm in size, have the capability to cross all the bio-
logical barriers and migrate to different parts of the body
[50]. So, these exosomes carrying CA-125 may be assessed
easily in the serum of the patients. Exosomes perform both

protumorigenic and antitumorigenic roles in cancer [51].
Furthermore, the increase in levels of CA-125 by 5U/ml,
within the normal range, after the treatment has been
observed to be associated with the recurrence and survival
in OvCa patients [52]. This finding paves a new way in ana-
lyzing the risk of recurrence by estimating the concentration
of exosomes carrying CA-125 present in the patients’ blood,
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TaBLE 3: Multivariate Cox regression analysis of clinicopathological
parameters on OS.

Overall survival

Cneopiologed P s
Lower Upper
Body mass index (BMI) 0.008 1.759 1.156 2.677
Ascites level 0.158 0.616 0.315 1.206
Ascites malignancy 0.032 0.336 0.124 0911
Degree of dissemination 0.004 1.994 1.251 3.178
Tumor differentiation 0.278 2.052 0.559 7.523
Tumor type 0.960 0.000 0.000 4.006E + 185
FIGO stage 0.842 1.074 0.531 2.172
T stage 0.223 0.664 0.343 1.284
N stage 0.068 1.378 0.977 1.945
M stage 0.837 0.959 0.642 1.433
Laterality 0.650 1.123 0.681 1.850
Tumor size (ccm) 0.392 0.594 0.180 1.959

at a gap of 3-6 months, following the prescribed treatment,
thus establishing it as post-treatment biomarker for OvCa.
Moreover, elevated level of exosomes can itself be considered
as a potent biomarker and therapeutic target in OvCa
patients [53]. Exosomal cargoes have also been reported to
influence energy metabolism such as in breast cancer exoso-
mal miR-122 induces metastasis by reprogramming glucose
metabolism in PMN thereby providing nutrient for the can-
cer cells [54]. Apart from being a diagnostic tool, exosomes
may also participate in SIRT1-driven energy metabolism in
OvCa patients and promote metastasis. The distinguished
cross-talks between the exosomes and other cells in the
TME potentiate the host cells to acquire metastasizing capa-
bility which in turn show a direct negative impact in the sur-
vival of such patients [55]. In colorectal cancer, it has been
observed that under hypoxia the exosomes derived from
hypoxic tumor cells when internalized by the normoxic cells
impart a metastatic phenotype to the recipient cells. These
exosomes transfers Wnt4 depending on HIF-1a which in
turn activates the f3-catenin signaling pathway and facilitates
metastasis, contributing to cancer progression [56]. Simi-
larly, an investigation conducted by Abdouh et al. has stated
that exosomes derived from the sera of cancer patients trans-
mitted potent cargoes which influence the recipient cells to
acquire malignant traits. Upon IHC of serum-derived
exosome-treated cells, a positivity of 85-90% ki-67 has been
observed in the ovarian cells along with remarkable increase
in other malignancy markers like PAX8 and WT1 [57]. This
confirmed the fact that exosomes carry ki-67 and transfer it
to the recipient cells to enhance metastasis. According to our
investigation, increased concentration of exosomes indicates
that the metastasizing potential of the cancer cells is
enhanced, validated by greater expression of ki-67 in tumor
tissues.

It was observed that 5.5% of all cancer types in UK were
related to overweight and obesity [58]. In 2007 and 2008, a
meta-analysis in 28 populations and 12 cohort studies,
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respectively, demonstrated that the obese patients were at a
greater risk of developing OvCa [59]. In India, there is a
higher prevalence of obesity which affects more than 135
million people [60] because of rapid urbanization. From
this study, it has been deduced that a greater proportion
of patients are obese and overweight which has interest-
ingly corroborated with the fact that obesity and OvCa
are associated with each other. The modulations in metab-
olism of obese individuals increase the risks of developing
the disease. Moreover, evidences have revealed that obesity
induces metabolic changes which can also contribute to
the increased levels of CA-125 [61]. Since obesity is one
of the risk factors in OvCa development, understanding
the baseline metabolic alterations leading to obesity is
essential to develop targeted potential therapy. Evidences
have suggested that the demand for glucose in TME is
higher for the survival of the cancer cells. So, we were
inclined to analyze the level of glycogen deposition in
the cancer cells which serves as a storage for glucose to
be utilized for increased glycolysis. However, it has been
well established that obesity redirects glucose metabolic
flux which in turn induces glycogen deposition in human
adipocytes [62]. Glycogen deposition is not only limited
to adipocytes, rather hypoxia induced by HIF-1«a has been
reported to promote glycogen deposition in human ovar-
ian clear cell carcinoma cells [63]. Our data has revealed
the distinct level of glycogen deposition between the adja-
cent normal and cancerous ovarian tissue, inferring that
the serum CA-125 levels can also provide a lead to meta-
bolic regulations of OvCa glycogen deposition. Although
in depth, further investigations are necessary for the bio-
markers related to metabolic alterations in OvCa.

Statistical analysis from data of the patients’ cohort
revealed that different levels of CA-125 in OvCa patients
are significantly correlated with all the clinicopathological
parameters except the age, CEA, and CA 19.9 levels. Thus,
CA-125 can be a prognostic factor for patients with OvCa.
From the IHC data, we can hypothesize that, under hypoxic
TME created by upregulation of HIF-1a, the expression level
of SIRT1 is elevated which may be correlated with the
increased levels of exosomes in the TME and also promotes
greater accumulation of glycogen in the tumor tissues as
compared to the normal tissues. The key findings from this
preliminary data of our research are based on the clinico-
pathological correlation of serum marker CA-125 with the
clinicopathological factors which has provided a lead in the
study to analyze the biomolecules in order to establish new
targets for OvCa treatment.

5. Conclusion

This comprehensive study has correlated serum CA-125
levels with the clinicopathological parameters indicating
that CA-125 apart from a diagnostic element can also be
a prognostic factor that can provide a perception on the
metastatic and probability of recurrence in the OvCa
patients. This reflected a number of significant outcomes
both in analyzing the clinicopathological parameters and
in the clinical analysis. In addition to it, CA-125 level
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variations can also be implemented to detect the dysregu-
lations in the cancer cell metabolism and concentrations of
exosomes. The disruption in the normal balance of meta-
bolic pathways as well as elevated metastatic regulations
can be responsible for significant level of CA-125. Since
a better diagnostic and prognostic factor is essential in
the treatment strategy of OvCa, the evaluation of the
expression level of biomolecules like SIRT1, HIF-1a, glyco-
gen deposition, and exosome level provides a preliminary
idea to target the mechanisms involving them for a better
therapeutic outcome for the OvCa patients. According to
our study, since CA-125 levels can aid in depicting the
metabolic rate and risk of metastasis, individualized treat-
ment strategies can be planned for better survival of the
patients by targeting the biomolecules related to metabo-
lism and metastasis. Further intensive explorations are
essential in this new arena of research for detecting the
underlying invloved biomolecules and signaling cascades,
driving the increased metabolism rate and risk of metasta-
sis, which can be further established as potent biomarkers
for OvCa.

Abbreviations

AUC:  Area under curve
BMI: Body mass index
CA 19.9: Cancer antigen 19.9

CA-125: Cancer/carbohydrate antigen-125
CEA: Carcinoembryonic antigen

DM: Distant metastasis

EGFR:  Epidermal growth factor receptor
EOC: Epithelial ovarian cancer

FAO: Fatty acid oxidation

HDACGCs: Histone deacetylases

HIF-1a: Hypoxia inducible factor-1a

HINTI1: Histidine triad nucleotide-binding protein 1
HR: Hazard ratio

IHC: Immunohistochemistry

MITF:  Microphthalmia transcription factor

NAD:  Nicotinamide adenine diphosphate

OS: Overall survival
OvCa: Ovarian cancer
PAS: Periodic acid/Schiff
PD: Pelvic dissemination

PMN: Premetastatic niche

SIRT1:  Silent information regulator 1
TME: Tumor microenvironment.
Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

BioMed Research International

Authors’ Contributions

NC participated in conceptualization, designing the work,
supervising the work, analyzing the data, and editing the
study. SR participated in designing the work, conducting
the experiments, writing the manuscript, and analyzing the
data. AD participated in conducting the experiments. SM
participated in the statistical analysis. MV participated in
providing the patients’ samples. All authors have read and
approved the manuscript.

Acknowledgments

The authors are thankful to Dr. Jayanta Chakraborti, Direc-
tor, Chittaranjan National Cancer Institute, Kolkata, for pro-
viding infrastructural facilities. The authors are thankful to
UGC and CSIR for student fellowships. This study was sup-
ported by grants from the Ministry of Health and Family
Welfare, Govt. of India, and University Grants Commission,
Govt. of India, has granted fellowship to Sraddhya Roy.

Supplementary Materials

Supplementary 1. List of reagents.

Supplementary 2. Graphical representation of frequency pro-
file of clinicopathological parameters in the patient cohort
(N =248).

Supplementary 3. Univariate Cox regression analysis of clin-
icopathological parameters.

References

[1] F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre,
and A. Jemal, “Global cancer statistics 2018: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in
185 countries,” CA: a Cancer Journal for Clinicians, vol. 68,
no. 6, pp. 394-424, 2018.

[2] B. F. Ferlay J, M. Ervik, F. Lam et al., “Ovarian Cancer Inci-
dence and Mortality,” 2020.

[3] S. Narod, “Can advanced-stage ovarian cancer be cured?,”
Nature Reviews. Clinical Oncology, vol. 13, no. 4, pp. 255-
261, 2016.

[4] C. Stewart, C. Ralyea, and S. Lockwood, “Ovarian cancer: an
integrated review,” Seminars in Oncology Nursing, vol. 35,
no. 2, pp. 151-156, 2019.

[5] M. Devouassoux-Shisheboran and C. Genestie, “Pathobiology
of ovarian carcinomas,” Chinese Journal of Cancer, vol. 34,
no. 1, pp. 50-55, 2015.

[6] T. Kaku, S. Ogawa, Y. Kawano et al., “Histological classifica-
tion of ovarian cancer,” Medical Electron Microscopy, vol. 36,
no. 1, pp. 9-17, 2003.

[7] M. Malvezzi, G. Carioli, T. Rodriguez, E. Negri, and C. La Vec-
chia, “Global trends and predictions in ovarian cancer mortal-
ity,” Annals of Oncology, vol. 27, no. 11, pp. 2017-2025, 2016.

[8] Indian Council of Medical Research, “Consensus document
for management of epithelial ovarian cancer,” 2019.

[9] N. S. Murthy, S. Shalini, G. Suman, S. Pruthvish, and
A. Mathew, “Changing trends in incidence of ovarian cancer
- the Indian scenario,” Asian Pacific Journal of Cancer Preven-
tion, vol. 10, no. 6, pp. 1025-1030, 2009.


https://downloads.hindawi.com/journals/bmri/2022/5346091.f1.docx
https://downloads.hindawi.com/journals/bmri/2022/5346091.f2.docx
https://downloads.hindawi.com/journals/bmri/2022/5346091.f3.docx

BioMed Research International

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

[25]

H. Pant, A. Prakash, R. Khandelwal, and S. Pandey, “Correla-
tion of serum CA-125 with histopathological findings in ovar-
ian tumors,” IP Journal of Diagnostic Pathology and Oncology,
vol. 4, no. 2, pp. 81-85, 2019.

D. R. Bhagora, D. R. Malik, and D. V. K. Trichal, “Expression
of estrogen receptor, progesterone receptor and KI 67 in epi-
thelial ovarian tumors and their histopathological correlation,”
International Journal of Medical Research, vol. 5, no. 6,
pp. 554-561, 2017.

K. K. Wong, K. H. Lu, A. Malpica et al.,, “Significantly greater
expression of ER, PR, and ECAD in advanced-stage low-
grade ovarian serous carcinoma as revealed by immunohisto-
chemical analysis,” International Journal of Gynecological
Pathology, vol. 26, no. 4, pp. 404-409, 2007.

C.Y. Han, D. A. Patten, R. B. Richardson, M. E. Harper, and
B. K. Tsang, “Tumor metabolism regulating chemosensitivity
in ovarian cancer,” Genes ¢ Cancer, vol. 9, no. 5-6, pp. 155-
175, 2018.

J. R. P. Knight and J. Milner, “SIRT1, metabolism and can-
cer,” Current Opinion in Oncology, vol. 24, no. 1, pp. 68-75,
2012.

E. Yang, X. Wang, Z. Gong, M. Yu, H. Wu, and D. Zhang,
“Exosome-mediated metabolic reprogramming: the emerging
role in tumor microenvironment remodeling and its influence
on cancer progression,” Signal Transduction and Targeted
Therapy, vol. 5, no. 1, p. 242, 2020.

K. Nakamura, K. Sawada, M. Kobayashi et al., “Role of the exo-
some in ovarian cancer progression and its potential as a ther-
apeutic target,” Cancers, vol. 11, no. 8, p. 1147, 2019.

K. Ohshima and E. Morii, “Metabolic reprogramming of can-
cer cells during tumor progression and metastasis,” Metabo-
lites, vol. 11, no. 1, p. 28, 2021.

B. Faubert, A. Solmonson, and R. J. DeBerardinis, “Metabolic
reprogramming and cancer progression,” Science, vol. 368,
no. 6487, article eaaw5473, 2020.

T. Khan, M. A. Sullivan, J. H. Gunter et al., “Revisiting glyco-
gen in cancer: a conspicuous and targetable enabler of malig-
nant transformation,” Frontiers in Oncology, vol. 10,
p- 592455, 2020.

R. R. Chen, M. M. H. Yung, Y. Xuan et al., “Targeting of lipid
metabolism with a metabolic inhibitor cocktail eradicates peri-
toneal metastases in ovarian cancer cells,” Communications
Biology, vol. 2, no. 1, p. 281, 2019.

A. Fadaka, B. Ajiboye, O. Ojo, O. Adewale, 1. Olayide, and
R. Emuowhochere, “Biology of glucose metabolization in can-
cer cells,” Journal of Oncological Sciences, vol. 3, no. 2, pp. 45-
51, 2017.

B. Mugz, P. de la Puente, F. Azab, and A. K. Azab, “The role of
hypoxia in cancer progression, angiogenesis, metastasis, and
resistance to therapy,” Hypoxia., vol. 3, pp. 83-92, 2015.

C. Shao, F. Yang, S. Miao et al., “Role of hypoxia-induced exo-
somes in tumor biology,” Molecular Cancer, vol. 17, no. 1,
p. 120, 2018.

R. K. J. G. Helmlinger, F. Yuan, M. Dellian, and R. K. Jain,
“Interstitial pH and pO2 gradients in solid tumors in vivo:
high-resolution measurements reveal a lack of correlation,”
Nature Medicine, vol. 3, no. 2, pp. 177-182, 1997.

P. Lee, N. S. Chandel, and M. C. Simon, “Cellular adaptation to
hypoxia through hypoxia inducible factors and beyond,”
Nature Reviews. Molecular Cell Biology, vol. 21, no. 5,
pp. 268-283, 2020.

[26]

(27]

(28]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

15

M. Khushman, A. Bhardwaj, G. K. Patel et al., “Exosomal
markers (CD63 and CD9) expression pattern using immu-
nohistochemistry in resected malignant and nonmalignant
pancreatic specimens,” Pancreas, vol. 46, no. 6, pp. 782-
788, 2017.

S. K. Yeo, X. Zhu, T. Okamoto et al, “Single-cell RNA-
sequencing reveals distinct patterns of cell state heterogeneity
in mouse models of breast cancer,” Elife, vol. 9, article
€58810, 2020.

C. I. M. Baeten, J. Wagstaff, I. C. L. Verhoeven, H. F. P. Hillen,
and A. W. Griffioen, “Flow cytometric quantification of
tumour endothelial cells; an objective alternative for microves-
sel density assessment,” British Journal of Cancer, vol. 87,
no. 3, pp. 344-347, 2002.

N. Chatterjee, S. Das, D. Bose, S. Banerjee, T. Jha, and K. Das
Saha, “Leishmanial lipid affords protection against oxidative
stress induced hepatic injury by regulating inflammatory
mediators and confining apoptosis progress,” Toxicology Let-
ters, vol. 232, no. 2, pp- 499-512, 2015.

F. Chen, J. Shen, J. Wang, P. Cai, and Y. Huang, “Clinical anal-
ysis of four serum tumor markers in 458 patients with ovarian
tumors: diagnostic value of the combined use of HE4, CA125,
CA19-9, and CEA in ovarian tumors,” Cancer Management
and Research, vol. 10, pp. 13131318, 2018.

N. Wentzensen, E. M. Poole, B. Trabert et al., “Ovarian cancer
risk factors by histologic subtype: an analysis from the Ovarian
Cancer Cohort Consortium,” Journal of Clinical Oncology,
vol. 34, no. 24, pp. 2888-2898, 2016.

W. Feng, D. C. Dean, F. J. Hornicek, H. Shi, and Z. Duan,
“Exosomes promote pre-metastatic niche formation in ovarian
cancer,” Molecular Cancer, vol. 18, no. 1, p. 124, 2019.

L. Wang and X. Li, “Identification of an energy metabolism-
related gene signature in ovarian cancer prognosis,” Oncology
Reports, vol. 43, no. 6, pp. 1755-1770, 2020.

X. Li, “SIRT1 and energy metabolism,” Acta Biochimica et Bio-
physica Sinica, vol. 45, no. 1, pp. 51-60, 2013.

N.Y. SongandY.]J. Surh, “Janus-faced role of SIRT1 in tumor-
igenesis,” Annals of the New York Academy of Sciences,
vol. 1271, no. 1, pp- 10-19, 2012.

T.Y.Jung, G. R.Jin, Y. Bin Koo et al., “Deacetylation by SIRT1
promotes the tumor-suppressive activity of HINT1 by enhanc-
ing its binding capacity for -catenin or MITF in colon cancer
and melanoma cells,” Experimental & Molecular Medicine,
vol. 52, no. 7, pp- 1075-1089, 2020.

X. Chen, D. Hokka, Y. Maniwa, C. Ohbayashi, T. Itoh, and
Y. Hayashi, “Sirtl is a tumor promoter in lung adenocarci-
noma,” Oncology Letters, vol. 8, no. 1, pp. 387-393, 2014.

J. Qin, Y. Liu, Y. Lu et al., “Hypoxia-inducible factor 1 alpha
promotes cancer stem cells-like properties in human ovarian
cancer cells by upregulating SIRT1 expression,” Scientific
Reports, vol. 7, no. 1, p. 10592, 2017.

A. Daponte, M. Ioannou, I. Mylonis et al., “Prognostic signifi-
cance of hypoxia-inducible factor 1 alpha(HIF-1alpha) expres-
sion in serous ovarian cancer: an immunohistochemical
study,” BMC Cancer, vol. 8, no. 1, p. 335, 2008.

S. Roy, A. Das, M. Vernekar, S. Das, and N. Chatterjee, “SIRT1
regulates ovarian cancer metastasis via altering the exosome
release and glycogen deposition [abstract],” in Proceedings of
the American Association for Cancer Research Annual Meeting
2021, Philadelphia (PA): AACR; Cancer Res 2021;81(13_
Suppl):Abstract nr 2461, 2021 Apr 10-15 and May 17-21.



16

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

G. K. Panigrahi, P. P. Praharaj, T. C. Peak et al., “Hypoxia-
induced exosome secretion promotes survival of African-
American and Caucasian prostate cancer cells,” Scientific
Reports, vol. 8, no. 1, p. 3853, 2018.

E. P. Beck, A. Moldenhauer, E. Merkle et al., “CA 125 produc-
tion and release by ovarian cancer cells in vitro,” The Interna-
tional Journal of Biological Markers, vol. 13, no. 4, pp. 200-206,
1998.

I. Konishi, J. L. Fendrick, T. H. Parmley, J. G. Quirk, and
T. J. O’brien, “Epidermal growth factor enhances secretion
of the ovarian tumor-associated cancer antigen CA 125
from the human amnion WISH cell line,” Journal of the
Society for Gynecologic Investigation, vol. 1, no. 1, pp. 89-
96, 1994.

T.J. O’Brien, J. B. Beard, L. J. Underwood, R. A. Dennis, A. D.
Santin, and L. York, “The CA 125 gene: an extracellular super-
structure dominated by repeat sequences,” Tumor Biology,
vol. 22, no. 6, pp. 348-366, 2001.

D. Li, Q. J. Wu, F. F. Bi et al., “Effect of the BRCA1-SIRT1-
EGEFR axis on cisplatin sensitivity in ovarian cancer,” Ameri-
can Journal of Translational Research, vol. 8, no. 3, pp. 1601-
1608, 2016.

A. Latfikar, L. Ling, A. Hingorani et al., “Loss of sirtuin 1 alters
the secretome of breast cancer cells by impairing lysosomal
integrity,” Developmental Cell, vol. 49, no. 3, pp. 393-408.e7,
2019.

D. H. Mvunta, T. Miyamoto, R. Asaka et al., “Overexpression
of SIRT1 is associated with poor outcomes in patients with
ovarian carcinoma,” Applied Immunohistochemistry & Molec-
ular Morphology, vol. 25, no. 6, pp. 415-421, 2017.

Z. Chen, Q. Liang, H. Zeng et al., “Exosomal CA125 as a prom-
ising biomarker for ovarian cancer diagnosis,” Journal of Can-
cer, vol. 11, no. 21, pp. 6445-6453, 2020.

P. Bischof, “What do we know about the origin of CA 125?,”
European Journal of Obstetrics, Gynecology, and Reproductive
Biology, vol. 49, no. 1-2, pp. 93-98, 1993.

R. O. Elliott and M. He, “Unlocking the power of exosomes for
crossing biological barriers in drug delivery,” Pharmaceutics,
vol. 13, no. 1, p. 122, 2021.

D. Sinha, S. Roy, P. Saha, N. Chatterjee, and A. Bishayee,
“Trends in research on exosomes in cancer progression and
anticancer therapy,” Cancers, vol. 13, no. 2, pp. 326-331, 2021.
S. Piatek, G. Panek, Z. Lewandowski et al., “Rising serum CA-
125 levels within the normal range is strongly associated recur-
rence risk and survival of ovarian cancer,” Journal of Ovarian
Research, vol. 13, no. 1, p. 102, 2020.

M. K. S. Tang and A. S. T. Wong, “Exosomes: emerging bio-
markers and targets for ovarian cancer,” Cancer Letters,
vol. 367, no. 1, pp. 26-33, 2015.

M. Y. Fong, W. Zhou, L. Liu et al., “Breast-cancer-secreted
miR-122 reprograms glucose metabolism in premetastatic
niche to promote metastasis,” Nature Cell Biology, vol. 17,
no. 2, pp. 183-194, 2015.

W. Tian, S. Liu, and B. Li, “Potential role of exosomes in cancer
metastasis,” BioMed Research International, vol. 2019, Article
ID 4649705, 12 pages, 2019.

Z. Huang, M. Yang, Y. Li, F. Yang, and Y. Feng, “Exosomes
derived from hypoxic colorectal cancer cells transfer wnt4 to
normoxic cells to elicit a prometastatic phenotype,” Interna-
tional Journal of Biological Sciences, vol. 14, no. 14, pp. 2094-
2102, 2018.

(57]

(58]

(59]

[60]

[61]

[62]

(63]

BioMed Research International

M. Abdouh, D. Hamam, Z. H. Gao, V. Arena, M. Arena, and
G. O. Arena, “Exosomes isolated from cancer patients’ sera
transfer malignant traits and confer the same phenotype of
primary tumors to oncosuppressor-mutated cells,” Journal of
Experimental & Clinical Cancer Research, vol. 36, no. 1,
p. 113, 2017.

D. M. Parkin and L. Boyd, “8. Cancers attributable to over-
weight and obesity in the UK in 2010,” British Journal of Can-
cer, vol. 105, no. S2, pp. S34-S37, 2011.

M. F. Leitzmann, C. Koebnick, K. N. Danforth et al., “Body
mass index and risk of ovarian cancer,” Cancer, vol. 115,
no. 4, pp. 812-822, 2009.

P. Ravi Varma, “The obesity epidemic and cancer in India -
the Cochin Cancer Research Centre initiative,” Research and
Reviews on Healthcare: Open Access Journal, vol. 4, no. 2,
pp. 356-362, 2019.

M. O. Akiibinu, B. O. Soile, M. Ajibola, U. Amzat, and T. K.
Olatunji, “Plasma levels of CA125, CEA, AFP and cortisol in
obesity,” Journal of Steroids and Hormonal Science, vol. 6,
no. 2, pp. 23-25, 2015.

V. Ceperuelo-Mallafré, M. Ejarque, C. Serena et al., “Adipose
tissue glycogen accumulation is associated with obesity-
linked inflammation in humans,” Molecular Metabolism,
vol. 5, no. 1, pp. 5-18, 2016.

Y. Iida, K. Aoki, T. Asakura et al., “Hypoxia promotes glycogen
synthesis and accumulation in human ovarian clear cell carci-
noma,” International Journal of Oncology, vol. 40, no. 6,
pp. 2122-2130, 2012.



Mutation Research-Reviews in Mutation Research 793 (2024) 108490

MUTATION

Contents lists available at ScienceDirect

Mutation Research-Reviews in Mutation Research

ELSEVIER journal homepage: www.elsevier.com/locate/mutrev

Check for

Mitochondria act as a key regulatory factor in cancer progression: Current |
concepts on mutations, mitochondrial dynamics, and therapeutic approach

Sraddhya Roy °, Ananya Das“, Aparajita Bairagi“, Debangshi Das, Ashna Jha®,
Amit Kumar Srivastava ”, Nabanita Chatterjee "

2 Chittaranjan National Cancer Institute, 37 S. P. Mukherjee Road, Kolkata 700026, India
b CSIR-IICB Translational Research Unit Of Excellence, CN-6, Salt Lake, Sector — V, Kolkata 700091, India

ARTICLE INFO ABSTRACT
Keywords: The diversified impacts of mitochondrial function vs. dysfunction have been observed in almost all disease
Mitochondria conditions including cancers. Mitochondria play crucial roles in cellular homeostasis and integrity, however,
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mitochondrial dysfunctions influenced by alterations in the mtDNA can disrupt cellular balance. Many external
stimuli or cellular defects that cause cellular integrity abnormalities, also impact mitochondrial functions. Im-
balances in mitochondrial activity can initiate and lead to accumulations of genetic mutations and can promote
the processes of tumorigenesis, progression, and survival. This comprehensive review summarizes epigenetic and
genetic alterations that affect the functionality of the mitochondria, with considerations of cellular metabolism,
and as influenced by ethnicity. We have also reviewed recent insights regarding mitochondrial dynamics,
miRNAs, exosomes that play pivotal roles in cancer promotion, and the impact of mitochondrial dynamics on
immune cell mechanisms. The review also summarizes recent therapeutic approaches targeting mitochondria in
anti-cancer treatment strategies.

1. Introduction organelles after undergoing endosymbiotic relationships with prokary-
otic cells over millions of years. They have evolved as bi-layered sub-

Mitochondria, the energy feeders of the cells, were presumably cellular organelles that serve as a prime source of energy required for
minuscule bacterial descendants that acquired identity as important cell eukaryotic cell survival, except for erythrocytes because in erythrocytes
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both the nucleus and mitochondria are eliminated due to oxidative stress
[1]. Furthermore, various cellular metabolic pathways in the cells are
nourished by mitochondrial metabolites. Mitochondrial functions and
dysfunctions participate in a wide range of diseases and physiological
conditions, mainly cancer and aging. Though aging and cancer are
distinct processes, they share some common mechanisms including al-
terations in the mitochondrial genome/DNA (mtDNA), activation of
mitochondria- to-nucleus signaling pathways (retrograde signaling),
and telomere shortening. Aging is associated with the accumulation of
mtDNA mutations because disruption of the mitochondrial respiratory
chain aids in the increased generation of reactive oxygen species (ROS).
Further, the ongoing accumulation of mtDNA mutations play a decisive
role in the aging process [2]. However, in cancer, mitochondria promote
cancer cells’ survival, proliferation, and progression by generating ROS,
which in turn induces DNA defects and activates oncogenic signaling.
This results in the accumulation of oncogenic metabolites as well as
abnormal functioning of the mitochondrial permeability transition.
Whole genome sequencing of various cancer types has provided satis-
fying evidence relating genomic mutations and cancer [3,4], but the
multiple factors underlying the role of mtDNA mutations and their im-
pacts on cancer susceptibility are still being explored [5]. Therefore,
widespread global research is ongoing to illuminate the diverse roles of
mitochondria in tumorigenesis and cancer progression. According to
emerging studies, the fusion, and fission events in mitochondria (mito-
chondrial dynamics) influence various cellular functions such as cell
division, metabolism, and cell migration, such that alterations in mito-
chondrial dynamics can induce the emergence and progression of can-
cer. Investigations examining genetic and epigenetic alterations in the
mitochondrial genome, accompanied by studies of mitochondrial dy-
namics contributing to cancer, are active arenas of cancer research. The
novelty of this review is that it showcases alterations of mitochondrial
dynamics at genetic and epigenetic levels, as well as reviews the
emerging roles of miRNAs in influencing mitochondrial functionality.
This review also discusses the mitochondrial impact on immunological
aspects, metabolism and mitochondrial targeting strategies. Taken
together, the review offers an extensive overview of how mitochondrial
dysfunctions participate in the process of tumorigenesis and promote
cancer.

2. Mitochondrial alterations in cancer

Mitochondria have been associated with various cellular functions
including energy generation, cellular metabolism and signaling, cell
cycle control, and cell death. Despite their multiple constitutive roles,
mitochondria dysfunction has also been depicted in the initiation and
spread of cancer due to their deviations in malfunctioning cells. Mito-
chondrial DNA (mtDNA) alterations leading to cancer can include
reduction or alterations in mtDNA content or mitochondrial proteins
encoded by the nuclear genome (nDNA), resulting in several cancer
promoting factors such as resistance to apoptosis and epithelial-
mesenchymal transition (EMT), etc [6]. Genetic alterations in both
nDNA and mtDNA, as well as in miRNAs, transcription factors, tumor
suppressor genes and oncogenes can elevate the risk of developing
cancer in various ethnicities. Altered communications between mito-
chondria and the nucleus at genetic and epigenetic levels can increase
cancer susceptibility [6]. The involvement of mtDNA in tumorigenesis is
sometimes difficult to interpret because of abnormalities present in the
mitochondrial genome. Germline mitochondrial mutations are inherited
from mothers to offspring, and somatic mitochondrial mutations can
occur in the proliferating cells during the lifetime of an individual.
Further, quantitative mtDNA alterations leading to changes in mtDNA
copy number have been associated with a wide range of cancer types
[7]. Table 1 illustrates the large variety of mitochondrial dysfunctions
that have been cataloged in different cancer types.
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2.1. Mitochondrial mutations in cancer

Considering germline mitochondrial genome variations, many hap-
logroups (the existence of certain unique mutations in a population)
have been denoted. According to restriction fragment length poly-
morphisms, respective human populations possess distinctive hap-
logroups of mtDNA [37]. Polymorphisms in the coding regions of
mitochondrial genome give rise to distinct haplotypes in respective
haplogroups. Some individual haplotypes have been observed to be
linked to the development of cancer. For instance, nine distinct haplo-
types, namely H, I, J, K, T, U, V, W, and X were observed to be associated
with renal and prostate cancer in North American white men of Euro-
pean origin. Among them, the risk of prostate cancer increased by 2
times and by 2.5 times for renal cancer because of the presence of
haplogroup U [38]. mtDNA single nucleotide polymorphisms (SNPs)
have also been associated with an increased risk of breast cancer; e.g in
an Indian population, the substitution of G10398A in N haplogroup has
increased the susceptibility to breast and esophageal cancer [39]. An
increased probability of invasive serous ovarian cancer has been found
in haplotypes of the European population who inherited SNP rs2857285
in the NADH dehydrogenase 4 (ND4) gene with a minor allele frequency
(MAF) level less than 5% [40]. A multi-ethnic cohort study encom-
passing colorectal cancer (CRC) has demonstrated that a missense 4917
SNP in ND2 increased the susceptibility to CRC in European Americans
but not in Asian Americans, African Americans, Latinos, or Native Ha-
waiians. In the same study, the T haplogroup has been found to be more
susceptible to cancer development [41]. In Saudi Arabia, haplotype G
(34%) and haplotype C (13%) were newly discovered in acute
lymphoblastic leukemia (ALL) patients, along with 31 mutations at 14
locations in ATP synthase subunit 6 of mtDNA [42]. A total of 17 mu-
tations in mitochondrial DNA polymerase y (POL) at T251I (exonuclease
domain), P587L (linker region), and E1143G (polymerase domain),
including one silent (A703A) and one missense (R628Q) at the linker
region, have been identified in 63% of breast tumors [43]. Jensen et al.
have evaluated that polymorphism in the CAG region of the POLG allele
has been associated with the development of testicular cancer [44].
Frameshift mutations in mitochondrial transcription A (TFAM) have led
to mitochondrial copy number reduction and mitochondrial instability
in CRC [45]. Among Indian populations, increased risk of oral leuko-
plakia and cancer has been associated with two SNPs, rs41553913 at
POLMRT and 159905016 at POLG2, at both genetic and allelic levels,
thus contributing to increased mtDNA synthesis [46]. In a cohort study
of German populations, breast cancer risk has been associated with one
SNP in Poly ADP Ribose Polymerase 2 (PARP2) and three SNPs in POLG
[47]. Somatic mtDNA mutations also contribute to the development of
various cancers. These mutations are more likely to occur in the
displacement (D) loop located in between nucleotides and contain
mitochondrial transcription and replication components, which makes
this region a mutational hot spot [48]. D-loop regions have been
observed to be the most sensitive region of mtDNA to oxidative phos-
phorylation (OXPHOS). Since mtDNA replication depends on tran-
scription, mtDNA damage can affect mitochondrial gene expression in
three different ways: by generating transcriptional mutagenesis or pre-
mature transcript termination, by interfering with the mitochondrial
RNA polymerase’s priming during mtDNA replication, or by causing
errors in DNA polymerase y nucleotide incorporation that result in
mutations [49]. Yuan et al. have depicted nine mtDNA mutations in the
D-loop region of oral squamous cell carcinoma (OSCC), which have a
mutation rate of 27%, that have favored cancer development [50]. On
the contrary, another study by Lin et al. has stated that somatic muta-
tions in the D loop, with a mutation rate of 62.5%, were not associated
with poor survival of OSCC patients but rather increased the 5 years
survival rate [51]. In a similar study carried out by Zhao et al. in gastric
cancer, 18 mutated genes have been observed, out of which 4 mutation
sites are present in the mtDNA D-loop region [52]. Furthermore, poly-
morphisms in nucleotides like 263 A>G in Tunisian females have made
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Table 1
Mitochondrial dysfunctions in cancer types.
Cancer Types Mitochondrial Dysfunction Mechanism Effect Ref.
Bladder cancer Alterations in mitochondrial proteins: Switch from respiratory metabolic pathway to Apoptosis | [8,9]
Lon protease 1 glycolytic pathway Cell survival and proliferation 1
ROS 1 Chemoresistance(
c-Jun N-terminal kinase (JNK) phosphorylation t
Mitofusin (MFN) 2 | Ras-ERK MAPK signaling pathway Cell survival and proliferation 1
caspase-3 | Cell cycle arrest at G1 phase 1
cleavage of poly (ADP-ribose) polymerase PARP | Apoptosis |
Mitochondrial transcription factor A microRNA 590-3p | which directly target TFAM Cell proliferation 1 Migration 1
(TFAM) 1 Colony-forming abilityt
Acute myeloid Leukemia Somatic point mutations in the D loop of ROS 1 Transformation of chronic [10,
mtDNA Disturb the flow of electrons in electron transport granulocytic leukemia to acute 11]
mtDNA copy numbert chain (ETC) myeloid leukemia
TFAM 1
Melanoma mtDNA copy number? Glucose consumption 1 Tumorigenesis 1 [12]
TFAM 1 ATP 1
Non-Small Cell Lung TFAM | ROS)-induced c-Jun amino-terminal kinase (JNK)/ Cell cycle arrest at G1 phase 1 [13]
carcinoma (NSCLC) P38 MAPK signaling Apoptosis 1
Cellular bioenergentics | Sensitivity to cisplatin 1
Tumorigenesis |
Mfn2 upregulation Downregulation of AIM2 Decreased ROS production [14]
Inactivation of MAPK/ERK pathway
Inhibition of Drp1 phosphorylation by sirt4  Inactivation of ERK Cell cycle arrest and rapid invasion [15]
PIM1-inhibition induced Drp1 upregulation =~ tROS chemosensitivity [16]
Clear cell renal cell SIRT3 (involved in mitochondrial Mitochondrial biogenesis 1 Cell proliferation | [17]
carcinoma (ccRCC) proteostasis) 1 Warburg effect EMT |
Expression of TFAM 1 ROS/oxidative stress 1
Acetylation of TFAM |
Colorectal cancer Demethylation of D-loop of mtDNA in the mtDNA copy numbert Cell proliferation 1 [18]
CpG islands at the position of 4th and 6th/ Apoptosis |
7th Cell cycle arrest at GO/G1 phase |
Drpl phosphorylation 1ERK pathway chemo resistance [19]
Suppression of Drpl phosphorylation inhibition of IKKp and p65 translocation, suppression  Inhibition of carcinogenesis [20]
of NF-kB
Oral squamous cell Hypermethylation at CpG sites in the COX1 ROS t Cisplatin sensitivity | [21]
carcinoma (OSCC) and CYTB genes of mtDNA Glycolysis 1 Cell proliferation 1
Human laryngeal Somatic mutations in D-loop of mtDNA at mtDNA copy numbert Carcinogenesis 1 [22]
squamous cell carcinoma  Hypervariable region I and II (HVI/II) and Polymorphism
(LSCQC) D310 region
Colon cancer mtDNA copy numbert ROS 1 EMT ¢ [23]
TFAM 1 Lactate fermentation 1 Invasion 1
COX-II t
Snail 1
Vimentint
N-cadherin 1
SIRT3 (involved in mitochondrial Mitochondrial biogenesis | Cell proliferation 1 [24]
proteostasis) | Peroxisome proliferator-activated receptor y (PPAR y)
coactivator-1 alpha (PGC-1a) |
Hepatocellular carcinoma 1Dynamin-1-like protein |Mfnl Activating Ca2+/CaMK II/ERK/FAK pathway Cell migration 1 [25]
| Mfnl | Glycolysis Modulate cancer metastasis via [26]
metabolic shift
1 Drpl Modulate NFKB and TP53 pathway 1 Infiltration of tumor associated [27]
macrophages
Breast cancer | Mfnl Modulate NOTCH1 pathway Cancer cell survival [28]
DRP1 phosphorylation on Ser637 1SIRT3 Tamoxifen resistance [29]
phosphorylation of AMPK at Ser 485/491.
Liensinine treatment induced fission via | autophagic degradation Cellular apoptosis [301
DNMIL activation
Pancreatic cancer 1Drpl phosphorylation Activation of MAPK pathway Tumor growth [31]
Pancreatic ductal tMitochondrial fission 1 ROS generation Cell proliferation and invasion [32]
adenocarcinoma
Prostate cancer MIf repression resulting from BRD4 CSCs exhaustion [33]
knockdown
Increased fission ER-localized isoform of the formin protein inverted Tumorigenesis [34]
formin 2 (INF2) mediates polymerization of actin at
ER-mitochondria intersections
T-ALL Drpl phosphorylation on Ser616 Modulate ROS production Drug resistance [35]
AML Fission upregulation Modulate AMPK pathway LSCs self-renewal [36]

In LSC

1, increase; |, decrease
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them more susceptible to developing breast cancer [53]. The 16189 T>C
polymorphism that affects mtDNA replication and cellular copy number
in peripheral blood cells [54] has also been observed to be associated
with endometrial cancer [55], polycystic astrocytoma [56], and breast
cancer [57]. The accumulation of ROS due to the imbalance in OXPHOS
as a result of mtDNA mutations facilitates the ability of cancer cells to
survive the stress associated with mitochondrial unfolded protein
response (UPRmt). This has been elucidated by Kenny et al., reporting
that the SIRT3/FOX0O/SOD2 axis remains activated in highly metastatic
breast cancer cells with elevated levels of superoxide dismutase 2
(SOD2) as compared to the less metastatic ones [58]. The mtDNA mu-
tation T8993G, affecting the functionality of the cytochrome oxidase
subunit I (COI) gene by increasing the generation of ROS, has been
observed to promote prostate tumor growth to about 7 times larger than
in non-mtDNA associated prostate cancers [59]. In colorectal cancer
(CRC) cells, somatic mutations in ND1, ND4L, ND5, cytochrome b,
MTCOI, MTCOII, and MTCOIII genes, as well as in the 12 S and 16 S
rRNA genes, are mostly homoplasmic in nature i.e. they were present in
every mitochondrial genome. The mutations were mainly transitions at
the purines (T-to-C or G-to-A) are due to the effect of increased ROS in
the cancer cells [60]. Although most of the mutations have been
observed to be homoplasmic i.e. they are present in almost every
mitochondrial genome but sometimes the mutations are present along
with the wild type genome or more than one different variant of mtDNA
coexisting within a cell (heteroplasmy) has been observed in oral cancer.
Furthermore, insertions or deletions have been observed to occur in the
poly C region of the D-loop, missense mutations have been noted to
occur in NADH dehydrogenase 2, and frameshift mutations have been
found to occur in complex III [61]. In pancreatic ductal adenocarcinoma
(PDAC), the non- coding control regions that contain sites of mtDNA
transcription and replication harbour a maximum number of mtDNA
somatic mutations. Among the mutations, ND4 and ND6 mutated genes
are associated with poor survival of the patients, along with ND5, RNR2,
and CO1 being frequently mutated [62].

2.2. Impact of mtDNA mutations on cancer progression

The mitochondrial OXPHOS machinery is encoded by several mtDNA
genes and is susceptible to damage due to the production of ROS [2].
Cancer cells possess mtDNA both in wild-type and in mutated forms in a
heteroplasmic state, however most of the mtDNA mutations in non-
coding and coding regions acquire homoplasmy due to a drift in the
proportion of the mutant mtDNAs in the cells. In this scenario, the
increased levels of somatic mtDNA mutations have been associated with
different forms of cancer. These mutations are responsible to confer pro-
tumorigenic properties to the cancer cells. For instance, Smith et al,
observed in their in-vivo study that deletion of the tumor suppressor Apc
in age-associated OXPHOS deficient mice upregulates the de novo serine
synthesis pathway, which in turn promotes the growth of intestinal tu-
mors [63]. In non-small cell lung cancer (NSCLC) and colon cancer cells,
the ND6 13885insC mutation induces overexpression of metastatic and
angiogenesis related genes accompanied by resistance towards
stress-induced apoptosis, thereby promoting metastasis [64]. Arnold
et al. have demonstrated a recurrent missense mtDNA mutation in the
ND3 gene at nucleotide position 10398 to be responsible for bone
metastasis in prostate cancer patients [65]. The metastatic potential of
CRC has also been observed to be elevated due to the microsatellite
instability in the D310, D514, and D16184 positions of the D-loop [66].
Tan et al. have reported various types of mutations such as deletions or
insertions, single base substitutions within the D-loop, or in coding and
non-coding regions of the mitochondrial genome in breast cancer [67].
However, in ovarian cancer, the mutational hotspots have been depicted
to be in the D-loop, 12 SrRNA, 16 S rRNA, and cytochrome b, as most of
the transition changes from T-C or G-A are prevalent in these regions
[68]. In papillary thyroid carcinoma (PTC), most of the somatic mtDNA
mutations have been observed in complex I of the respiratory chain,
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which might be involved in early-stage tumor development [69]. Het-
eroplasmic levels of shared mutations are highly correlated with the
intratumoral recurrence of mtDNA mutations in hepatocellular carci-
noma (HCC) and CRC [70]. In a cohort study of prostate cancer patients,
mtDNA mutations were apparently more common in the older age pa-
tients in comparison to the younger ones. Co-occurrence of mutations
has also been observed in the nuclear and mitochondrial mutational
indexes, e.g. mitochondrial single nucleotide variants (mtSNVs)
co-occur with the increase in function of the MYC oncogene has been
associated with patient survival [71]. Sequence analysis of mtDNA has
revealed the presence of a m.10875 T>C missense mutation of a
conserved residue (p.39Leu>Pro) in the MTND4 gene encoding the CI
subunit in ovarian cancer cells [72]. However, in contrast, evidence of
the anti- tumorigenic role of mutation has also been reported for
instance. in osteosarcoma, m.3571insC/MT-ND1 and
m.3243 A>G/MT-TL1 mutations in the mitochondrial complex I have
resulted in structural and functional alterations, which in turn minimize
the tumorigenic potential of the cancer cells [73]. mtDNA repair by
targeting 8-oxoguanine DNA glycosylase (OGG1) has been reported to
confer an anti-metastatic effect on breast cancer cells [74]. CI disas-
sembly caused by high loads of MTND1 m.3571insC also offers anti-
tumorigenic and antimetastatic effects. The genes that exhibit the ability
to regulate either oncogenic or suppressive functions in mitochondrial
settings during tumorigenesis depending on a threshold load beyond
which tumor growth and invasiveness get markedly inhibited is termed
oncojanus genes [75].

In this context, the study of oncocytomas is a major arena of recent
research. Oncocytomas are neoplasms that have amassed excessive
amounts of mitochondria in epithelial cells, resulting in a swollen
appearance. Mitochondrial respiratory complex I is the major site for
mtDNA mutations in oncocytic tumors [76]. The 3571insC ND1 muta-
tion has been observed to ablate ND1 content and diminish the levels of
nuclear-coded NDUFA9 and the mitochondria-coded ND6 in thyroid
oncocytic tumors [77]. In nasopharyngeal oncocytic tumors, truncated
frameshift mutations in the ND5 region of complex I promote the
disassembly of complex I due to the loss of other ND subunits like ND6
and have been associated with the oncocytic transformations [78].
Frameshift mutations in ND1, ND4, and ND5 of the mitochondrial res-
piratory complex I have been associated with its loss of enzymatic ac-
tivity, marking it as a major cause of renal oncocytomas [79].
Furthermore, a loss in chromosome 1, or overexpression of cyclin D1 in a
subset of renal oncocytomas dictating functional changes in complex I,
might be underlying reasons for the early genetic events leading to
tumor development by altering glutathione metabolism [80]. Inter-
stingly, oncocytomas are capable of destabilizing hypoxia-inducible
factor (HIF)-la by hyperhydroxylating it due to the effect of several
mutations in the mitochondrial respiratory chain. This leads to the
accumulation of hyperhydroxylated HIF-1a in Von Hippel-Lindau (VHL)
deficient renal oncocytomas, which confers a benign nature to the tumor
by minimizing the glycolysis rate [81]. The study conducted by Lang
et al. has stated that mtDNA mutations aid in distinguishing between
renal tumors of Birt-Hogg-Dubé (BHD) patients and other renal onco-
cytomas, indicating that mitochondrial alterations could be a potential
diagnostic marker for renal oncocytomas [82].

2.3. Mito-epigenetics in cancer

Apart from the genetic changes in mtDNA discussed above, there has
also been a recent focus on the epigenetic regulation of mtDNA and the
potential impacts on cancer. This field of study has been termed
mitoepigenetics. Epigenetic regulation of mtDNA occurs mainly due to
DNA methylation and hydroxymethylation which are driven by four
DNA methyltransferases (DNMT1, 3 A, 3B, and 3 L) and three deme-
thylases, i.e. ten-eleven translocations (TET1-3) [83]. Epigenetic alter-
ations in mitochondria structure and function under the influences of
multiple external and intra-mitochondrial factors can result in cellular
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malfunctions leading to cancer. These mutations, instead of attenuating
energy metabolism, hamper the bioenergetic and biosynthetic states of
mitochondria.

In HCC, transmembrane protein 70 (Tmem70) and ubiquitin-
conjugating enzyme E2E 2 (UBE2E2) genes have been reported to un-
dergo epigenetic modulation by hypermethylation, resulting in a shift of
cellular respiration from OXPHOS to glycolysis and aberrant cell cycle
regulation facilitating cell proliferation [84]. The D-loop region of
mtDNA in breast cancer has been reported to possess eight methylation
sites, which are maternally inherited [85]. mtDNA methylation has been
negatively correlated with mtDNA copy number and tumor spread. For
instance, in osteosarcoma and glioblastoma, 5hmC in the D-loop region
of mtDNA has been observed to be low during tumor progression, with
increased mtDNA copy numbers in the transformed cells. Moreover,
tumorigenesis is catalyzed by methylation in the D-loop which is
negatively correlated with ND5 and ND6 transcription [86]. Ample
evidence suggest that mitochondrial epigenetic dysfunctions can also
lead to nDNA methylation, histone methylation, and acetylation [87]. In
the mitochondrial respiratory chain and Krebs cycle, dysfunction of two
enzymes, namely succinate dehydrogenase (SDH) and isocitrate dehy-
drogenase (IDH) has been observed to promote nDNA hypermethylation
in pheochromocytomas, gastrointestinal stromal tumors, para-
gangliomas, and gliomas [88]. Epigenetic alterations in the subunits of
mitochondrial respiratory changes encoded by mtDNA might impose
positive regulation of proto-oncogenes and negatively regulate
tumor-suppressor genes (TSGs) that lead to tumorigenesis [83].

5-hydroxymethyl cytosine (5hmC) is the second most common
epigenetic mutation after DNA methylation in both nuclear genome and
mtDNA [89]. Levels of 5ShmC have been observed to be lower in the
tumor tissues as compared to the normal tissues [90,91]. Evidence
revealed that in cancers, mutations in genes like IDH1/2, SDH, and
fumarate hydratase (FH) controlled the levels of 5ShmC at genomic levels
by regulating the activity of TET proteins [91,92]. The diversified roles
of 5hmC either as tumor suppressing or promoting, can be evaluated by
identifying the locus-specific modifications in different forms of cancer.
In the genomic context, reduced levels of 5hmC influencing gene body
hypermethylation have been observed in kidney cancer and also pro-
mote hypermethylation of TSGs in different cancer forms [93]. In breast
cancer, loss of 5hmC in the Homeobox A Cluster (HOXA) gene promotes
cancer cell invasion [94]. Similarly, the loss of 5hmC in the miR-200
promoter region and the Leucine Zipper Tumor Suppressor 1 (LZTS1)
gene enables EMT. This also enhances the metastasizing capability of the
cancer cells by promoting hypermethylation in the promoter regions of
mir-200 and LZTS1 [95,96]. In squamous cells and adenocarcinomas, the
loss of 5ShmC at the promoter region of the metabolic enzyme SOD3 due
to demethylation facilitated by the TET proteins, downregulates its
expression [97]. In colon cancer, an in-vivo study has revealed that
Dickkopf-related protein 3 (DDK3) at its promoter region undergoes a loss
in 5hmC that in turn activates Wnt signaling which regulates tumor
growth [98]. Furthermore, the mutation in the TET1 gene leads to an
increase in the levels of 5ShmC which signifies its oncogenic role in mixed
lineage leukemia (MLL) [99]. However, a recent study by Yu et al. has
stated that TET1 expression is lower in PTC with reduced levels of 5ShmC
and thus exhibits a tumor suppressive role in PTC [100]. Similarly, a
previous study concerning pancreatic tumor has stated that TET1 and
5hmc are reduced in the tumor cells and inhibit EMT by altering the Wnt
signaling cascade upon binding to the secreted frizzled-related protein 2
(SFRP2) promoter [101]. Thus, mitoepigenetics can affect both
pro-tumorigenic and anti-tumorigenic properties of cells.

2.4. Mutations in the complexes of the electron transport chain (ETC)

Complex I (NADH dehydrogenase) is enriched with seven mtDNA
subunit genes, namely ND1, ND2, ND3, ND4, ND4L, ND5, ND6, and their
associated mutations are mostly related to tumorigenesis [102]. A
research study demonstrated that Complex I malfunction can lead to
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tumorigenesis upon inducing oxidative stress and activation of the AKT
pathway. Moreover, the investigation by the same group has revealed
that mutations in mtDNA encoded by the Complex I ND5 gene have
increased the apoptotic rate and resistance capacity of cancer cells
[103]. MT-ND1 mutations have been associated with the recurrence of
renal cell carcinoma after surgery [104]. MT-ND5 mutations have
increased ROS production that epigenetically modulates apoptotic
pathways to transform cells into pro-cancerous phenotypes [105]. The
CYTB subunit gene is the only gene encoded by mtDNA in Complex III
and has been associated with fewer somatic mutations. However, uro-
thelial cell carcinoma patients are an exception to this as Complex IIT has
been observed to be more affected than in other cancers [106]. Complex
IV (cytochrome C oxidase) is composed of three genes encoded by
mtDNA COX1, COX2, and COX3. Specific mutations in mtDNA causing
structural changes to Complex IV have been observed in colon cancer
patients where substitutions of Ser458Pro and Gly125Asp in subunit I of
Complex IV occur and affect proteins, ions, and metabolite transport.
Lastly, in Complex V, two mtDNA encoded genes, namely ATP6 and
ATP8 in which ATP6 have been observed to be more prone to undergo
mutations than ATP8 in breast cancer [107].

The mitochondrial enzymes in the ETC accumulate to form supra-
molecular assemblies known as supercomplexes. The most common and
widely accepted form of supercomplexes is the respirasome. Although
the three components, i.e. complex I, II, and IV, can function individu-
ally, they can also aggregate to form the supercomplexes to promote
catalysis by channeling the metabolic intermediates from complex to
complex in a more efficient manner. These supercomplexes are also
associated with cancer. For instance, it has been recently evaluated that
PDAC respiratory supercomplexes potentiate mitochondrial activity,
which in turn promotes cancer growth in a highly hypoxic environment
[108]. Mitochondrial supercomplexes have also been associated with
tumorigenicity of endometrial and breast cancers where COX7RP/-
COX7A2L/SCAF1, a stabilizing factor for mitochondrial supercomplex,
remain overexpressed in the tumors. Metabolomic analysis revealed that
specifically COX7RP modulates the metabolic status in the cancer cells
and stimulates their growth [109]. Similarly, overexpression of COX7RP
has induced tumor cell growth and promoted EMT by facilitating ROS
production and activation of the nuclear transcription factor-kB (NF-kB)
pathway in HCC cells [110]. In HER2M8? metastatic breast cancer, tar-
geting mitochondrial supercomplexes could be a potent anti-cancer
therapeutic strategy upon targeting complex I via Mitotam, which in
turn elevates the ROS level and promotes cell death [111].

3. Effect of miRNAs on mitochondria

A family of small non-coding RNAs (miRNAs) called mitomiRs serves
as crosstalk mediators between the mitochondria and the nucleus, which
can highly regulate the functions of mitochondria including mitophagy,
and also impact mitochondrial fusion and fission processes. Mitochon-
dria have their own genetic system and serve as a potent site for mito-
miRs mediating post-transcriptional regulation. A total of 57 miRNAs
have been evaluated by Bandiera et al. in the cytosolic fractions and
mitochondria of HeLa cells, out of which 13 miRNAs are nuclear coded.
The characterization of their genomic context, cross-species conserva-
tion, and intrinsic features such as their size and thermodynamic pa-
rameters signify their localization in the mitochondria [112]. It has been
observed that mitomiRs can target several mitochondrial mRNAs,
rRNAs, and tRNAs along with mitochondria-associated mRNAs encoded
by the nucleus, thereby indicating their involvement in mitochondrial
regulation [113].

In both ER-negative and ER-positive breast cancer cells, miR-195 acts
as a modulator of mitochondrial dynamics and associated functions. It
influences the mitochondria to undergo a fission event by targeting and
decreasing mitofusin 2 (MFN2) and optic atrophy 1 (OPA1), while
increasing dynamin-related protein 1 (DRP1) expression [114].
Furthermore, the Fisl protein located on the outer mitochondrial
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membrane (OMM) is regulated by oncomiR-484 and influences mito-
chondrial fusion by increasing its level when the cells undergo apoptosis
[115,116]. miR-200-3p, a member of the miR-200 family, has been
observed to be differentially expressed in different cancers and regulates
the process of tumorigenesis. However, it exhibits some intrinsic role in
mitochondrial dynamics by promoting mitochondrial fission via tar-
geting mitochondrial fission factor (MFF) and thus elevating basal res-
piratory rate and mitochondrial membrane potential [117].
Furthermore, Li et al. have shown that in gastric cancer, miR-148a-3p
induces mitochondrial fission and suppresses cytoprotective auto-
phagy, thereby increasing the cytotoxicity levels of cisplatin [118]. MiR-
494 has been shown to reduce the growth of renal cancer cells by
increasing multilamellar bodies, lipid droplets, and mitochondrial
changes. The changes in mitochondria, including

Drp1 localization and reduced PINK1 protein, have been involved in
altering mitochondrial structural patterns [119]. It has also been
observed that miR-484 inhibits mitochondrial fission and apoptosis by
targeting the Fisl protein in adrenocortical cancer cells and car-
diomyocytes [116].

MitomiRs also perform a crucial role in driving the process of
mitophagy. They play a role in tumor suppression as well as in tumor
promotion (Table 2). For instance, it has been observed that in breast
cancer stem cells, miR-137 suppresses mitophagy by negatively target-
ing the FUN14 domain containing 1 (FUNDC1), NIP-3-like protein X
(NIX), and LC3-II. This elevates mitochondrial biogenesis and bio-
energetics, whereas it decreases ROS level and cell apoptosis to induce
tumor growth in breast cancer [120]. On the other hand, Zhang et al.
have shown that overexpressed miR-1 performs a tumor suppressive role
in breast cancer by inducing mitophagy after targeting
mitophagy-associated genes including MINOS1 (mitochondrial inner
membrane organizing system 1), GPD2 (glycerol-3-phosphate dehy-
drogenase 2), and LRPPRC (leucine-rich pentatricopeptide-repeat con-
taining) [121]. The lack of unambiguous molecular targets in cancer
clinical treatment remains a challenge despite tremendous research.
Mitochondrial health and altered metabolism are hallmarks of a new
arena of research. Thus, evaluating miRs and mito-miRs and their im-
pacts on mitochondria can offer potential new approaches to clinical
treatment.

4. Effect of exosomes on mitochondrial metabolism

Extracellular vesicles, namely exosomes are the key intermediates
between various cells present in the tumor microenvironment (TME),
which help in developing a pre-metastatic niche for the migrating tumor
cells [134]. Cancer-associated fibroblasts (CAFs), one of the major
components of TME, release exosomes, which when internalized by the
cancer cells, drive regulatory changes in their metabolism. For instance,
in prostate and pancreatic cancers, the CAFs derived exosomes inhibit
mitochondrial oxidative metabolism and increase the glycolytic rate by
supplying essential metabolites [135]. There is evidence suggesting that
exosomal contents also participate in regulating mitochondrial meta-
bolism. Exosomes, derived from human melanoma cells, are enriched in
miR-155 as well as miR-210. Upon internalization by the stromal cells,
they induce the cells to undergo metabolic reprogramming by sup-
pressing OXPHOS and enhancing aerobic glycolysis, thereby promoting
a pre-metastatic niche formation [136]. According to Bland et al. the
exosomes derived from melanoma cells altered the transcriptomics of T
cells, which influences their mitochondrial respiration [137]. Further-
more, melanoma-derived exosomes could induce apoptosis of CD4" T
cells by activating caspase-3, caspase-7, and caspase-9 but not caspase-8,
indicating that these exosomes activate mitochondrial apoptotic
pathway probably through their cargoes like miR- 690 [138]. Small
nucleolar RNA host gene 3 (SNHG3), a new IncRNA, has been observed
to be overexpressed in breast cancer cells. It positively regulates PKM
expression by acting as a sponge for miR-330-5p. Additionally, it min-
imizes mitochondrial OXPHOS, elevates glycolysis and thereby
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Table 2
Role of mitomiRs in cancer.

MitomiRs Cancer Mechanism of action Ref

miR- Prostate Cancer Inhibits manganese superoxide [122]
17-3p dismutase (MnSOD),

glutathione peroxidase 2

(Gpx2), and thioredoxin

reductase 2 (TrxR2), increase

ROS accumulation in cancer

cells and enhances

radiosensitivity

Targets polypeptide 1 [123]

(CYP27B1), that occurs in the

internal mitochondrial

miR-195 Breast cancer

membrane which remains

upregulated in breast cancer

and reduced proliferation,

invasion and migration.

Targets MFN2 and [124]
downregulates it which
hampers the apoptosis inducing
capacity of MFN2.

Targets FIS1 protein and
dysregulates its apoptosis
inducing capacity and
decreases cisplatin
sensitiveness.

Regulates cisplatin resistance
and induces apoptosis.
Inhibited polycistronic mtDNA
transcription in a cell-specific
manner.

Its downregulation induces
cisplatin resistance and affect
oxidative phosphorylation and
aerobic glycolysis by inhibiting
translation of mitochondrial
cytochrome c oxidase subunit 3
(MT-COX3).

Induces apoptosis by a ROS [128]
dependent mechanism

Targets LASS2 and regulates [129]
bladder cancer

chemoresistance through

miR-761 Hepatocellular

carcinoma

miR- Tongue squamous
483-5p cell carcinoma
(TSCC)

[125-127]

miR-2392

miR-5787

miR-210 Colorectal cancer

miR-98 Bladder cancer

modulation of mitochondrial

function

Targets SDH complex of ETC [130]
and regulates cell metabolism

miR-210 Lung cancer
and survival by modulating of
HIF-1 activity
Targets SIRT3 and induced cell [131]
proliferation and invasion by
disturbing mitochondrial
membrane potential and
generating ROS
Targets activating transcription [132]
factor (ATF) 2 by inhibiting its
phosphorylation under the
cisplatin treatment and induces
mitochondrial apoptosis
miR-181a- Targets the cytochrome B (mt- [133]
5p CYB) and cytochrome C oxidase
II (mt-COX2) genes thereby
modulating ETC which results
in decreased mitochondrial
membrane potential and
reprogramming of glucose
metabolism occur

miR-31 Oral carcinoma

miR-26b

Laryngeal cancer

Liver cancer

promotes the proliferation of breast cancer cells [139]. Hypoxia-induced
tumor derived exosomes enhance OXPHOS in bone marrow-derived
macrophages by transferring let-7a miRNA, resulting in inhibition of
the insulin-Akt-mTOR signaling pathway. This suggests that exosomes
are capable of modifying the immunometabolic profile of
monocytes-macrophages, which in turn facilitates tumor progression
upon escaping host immunity [140]. In breast cancer, the extracellular
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vesicles released by the cancer cells mediate the crosstalk with normal
epithelial cells. These interactions activate mitochondrial dynamics,
increase organelle accumulation, and promote mitochondrial move-
ments in the host epithelial cells which in turn influence the EMT
markers in hypoxic TME [141]. In-depth studies are required in this field
to further understand the fast emerging importance of cancer-derived
exosomes on mitochondrial metabolism.

5. Mitochondrial dynamics

According to recent studies, genetic screening and live cell imaging
have revealed that mitochondria are not stable organelles. In the cyto-
plasm, mitochondria not only change their position but also change their
shape by two opposing mechanisms called mitochondrial fission and
fusion (Fig. 1). A perfect balance between these two opposing mecha-
nisms is referred to as “mitochondrial dynamics”, and it maintains the
shape and size of mitochondria. Mitochondrial fusion is the generation
of an interconnected mitochondrion from two parental mitochondria,
and fission is the division of one mitochondrion into two daughter
mitochondria. Mainly two GTPase proteins namely, MFN1 and MFN2
and OPA1, a large GTPase located at the inner mitochondrial membrane
(IMM), are responsible for the fusion of the OMM and the IMM respec-
tively [142]. On the other hand, another set of proteins namely Drp1 and
dynamin 2 (DNM2), regulate the fission of mitochondria. Apart from this
mechanism, electron microscopy of mitochondria has revealed
numerous infoldings called cristae, which were previously thought to be
stable structures, but later they were found to be extensively dynamic as
they can restructure themselves by elongation, shortening, fusion,

Daughter
nochondrion

Interchange between fusion
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division, and detachment of mitochondrial inner boundary membrane
(IBM) very rapidly depending on the cellular conditions. The key mol-
ecules involved in the cristae dynamics and crista junctions (CJs) are the
mitochondrial contact site and cristae organizing system (MICOS)
complex, OPA1, F1Fo ATP synthase, and the lipid microenvironment
[143].

Mitochondrial fusion occurs by the docking of the outer membranes
of the two mitochondria to increase the surface of contact and decrease
the distance between them, followed by the tethering of the adjacent
layers. Mitochondrial fission and fusion have become great aspects of
research to understand all the biological processes such as apoptosis,
and mitochondrial transposition. Guanosine triphosphate (GTP) hy-
drolysis induces the conformational change for the final fusion of OMM
[144,145]. MFN1 is involved in GTP- dependent mitochondrial mem-
brane tethering but MFN2 not only participates in membrane tethering,
but also regulates mitochondrial-endoplasmic reticulum membrane
contact site tethering. According to MFN topology, OMM tethering oc-
curs between the trans-HR2 or GTPase domain of MFN situated on the
outer surface of opposing mitochondria, followed by a conformational
change induced by GTP hydrolysis that ultimately results in fusion
[146]. The IMM fusion happens with the help of OPA1-dependent GTP
hydrolysis. In mitochondrial fission, the recruited Drp1 forms a ring-like
structure in OMM around the mitochondria and narrows the membrane,
followed by GTP hydrolysis to increase membrane constriction. Drpl
oligomerizes at the middle domain to form Drp-oligomeric helices that
start from two different points of the mitochondrial membrane and al-
ways maintain a balance between the dimeric and oligomeric forms in
the cytosol and mitochondrial membrane, respectively [147-149].

Fusion

Mitochondrial and fission:
division Apoptosis
¥ Drug resistance :
6 Biomarker discovery ﬂ:mgf;:rn
i Targeted therapy v S ’

Fission

Fig. 1. Mitochondrial fusion and fission. The fusion of mitochondria occurs in both outer and inner membrane. The tethering of OMM is led by either homotypic
(MFN1- MFN1/MFN2-MFN2) or heterotypic interactions (MFN1-MFN2) and GTPase leads to the fusion of two opposing mitochondrial membranes. Then the IMM
fusion is regulated by OPA1 (left) and GTPase that leads to the fusion of two mitochondria. Mitochondrial fission initiates at site which is marked by the ER and actin.
The DRP1, recruited by mitochondrial adaptor protein, forms a spiral around the mitochondrion. Then the assembly of DNM results in the pinching of the mito-
chondrion membrane and forms two separate mitochondria (right). These two processes are interchangeable process that are responsible for apoptosis, drug

resistance, biomarker discovery and targeted therapy in cancer.
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Finally, DNM2 assembles and terminates the scission of the membrane
in the constriction of the neck region and leads to the generation of two
daughter mitochondria [150]. These fusion and fission events of mito-
chondria, called “mitochondrial dynamics”, are not only involved in
many cellular processes but also regulate cells’ fate. A detailed
description of mitochondrial dynamics has been extensively reviewed by
Yu et al. [151]. An exploration of the baseline mechanisms involving
different molecules that control the mitochondrial dynamics is essential
to understand how defects in mitochondria are responsible for the
occurrence and development of diseases related to them.

5.1. Impact of mitochondrial dynamics on cancer progression

Mitochondrial dynamics lead to the genesis and progression of
various cancer types. Understanding the role of mitochondrial dynamics
in cancer will enlighten new insights into mitochondria-related thera-
peutic approaches. Upregulation and downregulation of fusion and
fission related proteins, respectively, have been observed in a variety of
cancers. Moreover, the development of cancer has been related to
changes in the cellular environment that in turn drive alterations in the
mitochondrial dynamics of the cells, as reviewed by Wang et al. [152].
OSKM-induced cell reprogramming constitutes an organized series of
events that starts with the downregulation of somatic cell markers.
Mitochondrial dynamics play a huge role in cellular reprogramming.
Studies have shown that both Drpl total protein and Drp1-S579 phos-
phorylation are increased during the stochastic phase of cellular
reprogramming. During this phase, activated Erk1l/2 phosphorylates
Drp1-S579, which induces mitochondrial fission [153]. Evidence sug-
gests that the activity of Drpl/MFN2 varies among cancer types. An
elevated expression of Drpl/MFN2 in the lung cancer cells modulated
mitochondrial dynamics by promoting mitochondrial fusion, thereby
arresting the cell cycle and minimizing their proliferation [154]. On the
contrary, an increase in mitochondrial fission upon phosphorylation of
Drpl has been observed in brain tumor initiating cells (BTICs). There-
fore, targeting activated Drpl has been established as a targeted thera-
peutic approach in glioblastoma [155]. Scientists have investigated the
role of mitochondrial dynamics in Ras and MAPK-driven cancers. For
instance, activation and phosphorylation of Drpl at Ser616 by ERK has
promoted mitochondrial fragmentation under the effect of expressed
Ras and Raf oncogenes [156,157]. In parallel research, it has been
shown that ERK mediated phosphorylation and inactivation of MFN1
modulate both apoptosis and mitochondrial shape [158]. These findings
demonstrated that cellular transformation demands a fragmented
mitochondrial phenotype, thereby marking the importance of mito-
chondrial shape in cancer development. Kong et al. have reviewed the
suppression of apoptosis and enhancement of mitochondrial fusion in
chemoresistant cancer cells. They have informed that cisplatin is effi-
cient enough to dephosphorylate Drpl and phosphorylate p53, thereby
increasing Bax translocation to mitochondria and apoptosis. However,
cisplatin has reduced efficacy to enhance apoptosis by phosphorylating
and dephosphorylating p53 and Drpl, respectively, in chemoresistant
cells. Additionally, a shift in OPA1 has been observed in the chemo-
resistant cancer cells, which promotes mitofusion but reduces apoptosis
[159]. Mitochondrial fission plays an important role in different stages
of the cell cycle, which is one of the prime dysregulated mechanisms in
cancer cells. Drpl has been positively associated with tumor cell pro-
gression, and thus its downregulation induces ROS production in the S
phase of the cell cycle, which in turn contributes to higher DNA damage.
Furthermore, the downregulation of Drpl has increased the piling up of
a nearly compact mitochondrial network and thus increased the mitosis
period, thereby hampering cell division [160]. Overexpressed Drpl in-
creases mitochondrial fission in HCC by regulating the p53/p21 and
NF-kB/cyclins pathways. It also promotes cancer cell proliferation by
facilitating the G1/S phase transition of the cell cycle [161]. Huang et al.
have stated that mitochondrial fission is significantly increased due to
overexpressed DNM1L compared to MFN1. It has been stated that the
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increased expression of DNMLI1 inhibits mitochondrial-dependent
apoptosis and facilitates autophagy in cancer cells, which in turn con-
tributes to the poor prognosis of the disease [27]. It has already been
established that the apoptotic protein, Bax regulates mitochondrial
morphology and colocalizes with MFN1 and Drp1 at the initial stages of
apoptosis, which eventually become mitochondrial fragmentation sites
[162].

According to the literature, mitochondrial fission has been reported
to promote cell migration, autophagy, and infiltration of tumor associ-
ated macrophages (TAMs) in HCC with a higher ratio of Drpl/MFN1
expression, which has led to a poor prognosis of the disease. In- vitro and
in-vivo studies have shown that elevated ROS-mediated mitochondrial
fission promotes the survival of cancer cells [25]. On the contrary, the
depletion of MFN1 induces the EMT transition in HCC cells [26].
Furthermore, Li et al. have stated that under energy-stressed conditions,
mitochondria exhibit morphological changes through cristae formation,
and assembly of respiratory complexes. This phenomenon enhances
OXPHOS and promotes the survival of tumor cells under such conditions
in HCC via regulating glucose metabolism [163].

Another study has shown that mitochondrial fusion also mediates
tumor cell growth in the liver [164]. Metabolic reprogramming via
mitochondrial elongation promotes the survival of HCC cells and also
mediates adaptation to energy stress [163]. Previous studies have found
that Drp1 is highly expressed in ovarian cancer and co-expressed with
cell cycle genes that promote the proliferation of ovarian cancer cells
[165]. In ovarian cancer, overexpression of OPA1 and prohibitin (PHB)2
has been associated with reduced crista width and diameter. This, along
with other factors like SIRT3, coordinated to define a “mitochondrial
signature” via the cAMP pathway [166]. Mitochondrial dynamics also
show some effects on the chemosensitivity of cancer cells. A study has
reported that in hypoxic conditions, mitochondrial fission leads to
cisplatin resistance in ovarian cancer cells [167].

Piperlongumin, a phytochemical, can downregulate protein Drpl
(Ser637) phosphorylation, which regulates platinum-based resistance in
ovarian cancer cells, thereby inducing apoptosis [168]. Sambus nigra
agglutinin, a lectin, activates protein kinase B (Akt), and ERK1/2
pathway in ovarian cancer cells, which in turn stimulates Drpl trans-
location. Upon translocation of Drpl, the mitochondria start gaining a
fragmented phenotype, and thus mitochondrial fission induces
apoptosis in the cancer cells [169]. In addition, salt-inducible kinase 2
has been shown to enhance the Warburg effect via Drpl-mediated
fission in ovarian cancer cells [170]. The oncoprotein MYC indirectly
inhibits YAP/TAZ coactivators and suppresses cancer development in
breast cancer cells. PLD6, an OMM-localized phospholipase, mediates
the activity of MYC by increasing mitochondrial fusion [170]. On the
other hand, mitochondrial fission facilitates the apoptosis and drug
resistance of breast cancer cells [163,171]. Liensinine, a major iso-
quinoline alkaloid, is an efficient inhibitor of autophagy and mitophagy
when used in combination with chemotherapeutic agents like doxoru-
bicin in breast cancer. It is capable of decreasing the viability of cancer
cells and inducing apoptosis by triggering mitochondrial fission by
DNMI1L [30]. In invasive breast cancer cells, an upregulation of the Drpl
protein has been observed. Upon silencing Drpl, the formation of
lamellipodia in the cancer cells has been restricted, thus illustrating that
increased Drpl influences the migration of the cancer cells [172]. In
another study, it was determined that Drpl not only facilitates the
migration of breast cancer cells but also sensitizes the cancer cells to-
wards cisplatin [173]. According to the literature, Drpl inhibitors,
Drpitor]l and Drpitorla, have antineoplastic potency in breast cancer
cells [174]. Qiu et al. have demonstrated the involvement of MICOS in
OSCC, where the transcriptional factor, SOX2 upregulates the expression
of dihydroorotate dehydrogenase (DHODH). DHODH stabilizes the
MICOS complex to support rapid tumor growth by facilitating mito-
chondrial respiration [175]. Fig. 2 outlines the mechanisms related to
mitochondrial dynamics and cancer progression. In addition, FAM49B is
a tumor suppressor in pancreatic ductal adenocarcinomas. Knockdown
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Fig. 2. Role of mitochondrial dynamics in promoting cancer. Oncogenic signaling pathways like Ras-Raf, p53 mediated mTORC1 and PI3K/AKT influences the
mitochondrial dynamics in cancer cells. Ras-Raf and PI3K/AKT individually promotes mitochondrial fission which in turn increases glucose uptake, ROS generation,
and decreases OXPHOS that leads to a metabolic switch to glycolysis. This results in the promotion of cell cycle, increased migrating potential as the fragmented
mitochondria accumulate at the edges of the cells. It fuels the mtDNA mutations rate thereby increasing the glycolytic rate and thus promotes survival of the cancer
cells. Furthermore, mitochondrial fission promotes cytoskeleton reorganization that enhances the proliferation rate and migration properties of the cancer cells. SIP3
inhibiting p53 stimulates mTORC1 pathway, phosphorylating Drpl and enhancing ERK/MMP9 activity, thereby increasing invasiveness of cancer cells. However,
fused mitochondria perform dual function, i.e. when influenced by MYC oncogenic signaling, it exhibits increased oxidative metabolism, ATP production, and
decreased ROS generation and participates in cellular differentiation of fibroblasts and stem cells into cancer associated (CAFs or stem) cells that in turn aids in the
tumorigenic process and mostly it promotes the apoptosis of the cells. p53 inhibiting mTORC1 causes aberrant DRP1 phosphorylation causing intermediate fusion of
mitochondria which decreases ERK1/2 and MMP9 expression, thereby arresting the migration of cells.

of FAM49B induces phosphorylation of Drpl and favors mitochondrial
fission in cancer cells [32]. However, the knockdown of myoferlin in-
duces mitochondrial fission to inhibit cancer cell proliferation in
pancreatic ductal adenocarcinoma [176]. L Fu et. al. have shown that
SIRT4 inhibits cancer progression by decreasing mitochondrial fission in
NSCLC [15]. Inhibition of PIM sensitizes NSCLC cells to chemotherapy
by inducing mitochondrial fragmentation [16]. Depletion of MDM2
enhances the phosphorylation of DRP1 on Ser637, which leads to
increased mitochondrial fission. However, increased mitochondrial
MDM2 levels increase the migration and invasiveness of cancer cells
[16]. Factors related to mitochondrial dynamics have been proven to be
therapeutic targets for cancer. A potent inhibitor of Drpl, namely
mitochondrial division inhibitor 1 (Mdivi-1), reduces glioblastoma cell
migration induced by hypoxia [177]. In gliomas, NF-kB-inducing kinase
promotes mitochondrial fission and cell invasion [16].

6. Mitochondrial metabolism and cancer development

Mitochondria are not only responsible for energy production but also
facilitate both anabolic and catabolic reactions to accomplish the ne-
cessities of cellular bioenergetics as well as their biogenesis. The ana-
plerotic pathway is considered to be a major pathway that can regulate
the metabolic intermediates needed for the rapid proliferation of
myeloma cells. The intermediates produced during the TCA cycle are
used as a carbon source for anaplerotic activity such as the formation of
a-ketoglutarate by glutaminolysis from glutamine, the production of

oxaloacetate by pyruvate carboxylation from pyruvate, etc. [178-180].
Several important cellular signaling pathways like PI3K-Akt- mTORC1,
K-Ras, and Myc play major roles in regulating the mitochondrial meta-
bolism in cancer cells. Thus, enhanced glycolytic activity has been
observed upon decoupling of glucose and glutamine metabolism by the
oncoprotein K-Ras, which in turn utilizes a greater amount of glutamine,
the carbon source for the TCA cycle [181]. PI3K-Akt signaling is often
modified in tumorigenic conditions. In a cancer metabolic environment,
active Akt-targeted mTORC1 modifies the energy state, and growth
factors mediate cell signaling, oxygen, and nutrient availability in the
cells [182]. The activation of Myc, regulated the genes involved in
glutamine and glucose metabolism as well as the biogenesis of the
mitochondria [183,184].

IDH1 and IDH2, two isoforms of IDH, have shown recurrent muta-
tions in several tumors specifically glioblastoma and myeloid leukemia
[185-187]. IDH has shown gain- of-function mutation effects through
which a-ketoglutarate is again metabolized to an oncometabolite, i.e.
2-hydroxyglutarate and thereby deregulates the pathways that require
a- ketoglutarate as a substrate [185,186,188]. These altered cascades
imparted pleiotropic effects like epigenetic regulation, histone methyl-
ation, collagen synthesis, and HIF signaling which contribute to onco-
genesis. As the mutated IDH1 and IDH2 are cancer cell specific, they can
be potential therapeutic targets. Interestingly, highly expressed
wild-type IDH2 has also been reported to protect CRC cells from
oxidative stress. This has been validated when both abrogated and
suppressed IDH2 induced ROS and oxidative DNA damage, resulting in
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cell cycle arrest and eventually cancer cell death [189]. The tumor
promoting function of overexpressed wild-type IDH2 has been evaluated
in AML, where lipid synthesis is enhanced due to glutamine over-
consumption upon conversion of a-ketoglutarate (a-KG) to iso-
citrate/citrate in the IDH2-mediated reductive TCA cycle [190].

FH and SDH are the two most important enzymes in the TCA cycle.
Derivatives of fumaric and succinic acids are accumulated upon inacti-
vation of FH and SDH, respectively, due to mutation. These metabolites,
released in the cytosol, inhibit prolyl hydroxylase and either induce
resistance towards apoptosis or activate the pseudohypoxic response to
trigger HIF-1 mediated glycolysis [92,191]. In the case of renal carci-
noma, FH has shown a loss-of- function mutation as a result of which
fumarate increases and malate and citrate decrease [192]. Fumarate can
exert oncogenic effects because it directly inhibits prolyl 4-hydroxylase,
the negative regulator of HIF, and thus activates hypoxia signaling
[193]. The inhibition of dioxygenase activity that is dependent on a-KG
like 5-methylcytosine hydroxylases and histone demethylases (TET
family members), fumarate, and succinate can alter DNA methylation
and histone modifications [194,195]. The FH-deficient cancer cells are
killed due to inhibition of the haem oxygenase activity, thus suggesting a
therapeutic approach too. Mutations in the four subunits of SDH
incorporated in complex II can cause cancer of the neuroendocrine
system which is known as paragangliomas. Similar to fumarate, the
accumulated succinate can activate HIF signaling by inhibiting prolyl
4-hydroxylase. A study has suggested that SDH-deficient cancer cells can
exert extracellular pyruvate by sustaining a Warburg-like metabolic
state for their survival [196].

7. Impact of mitochondrial dynamics on the metabolism and
function of immune cells

The immune system is a crucial part of the cancer microenvironment
and recent research has established a bridge between the role of the
mitochondrial dynamics and the cancer immune system. Interestingly,
mitochondrial dynamics have been observed to be associated with both
innate and adaptive immune responses, which direct both cancer
aggression and defense. Immune cells like NK cells and T cells are
regulated by mitochondrial dynamics and perform in either tumor
promotion or suppression. Moreover, mitochondrial dynamics are
involved in the escape of tumor cells from immune surveillance in the
TME. Differentiation and functioning of immune cells mostly rely upon
mitochondria- driven metabolism which circumvents ATP production
and catalyses macromolecules. Several mitochondrial mechanisms are
closely associated with the polarization and functioning of several im-
mune cells. Mitochondrial dynamics interchanges the cross-talk within
immune cells that regulates cellular functions and triggers an immune
response. Recent pieces of literature have shown that not only meta-
bolism but mitochondria also regulate the immune cells transcription-
ally by mtDNA and mtROS production.

Mitochondria and immunity are interlinked in various ways. Firstly,
changes in aerobic and anaerobic mitochondrial metabolic pathways
affect immune cell functionalities. For instance, proinflammatory mac-
rophages possess a discontinued TCA cycle whereas anti- inflammatory
macrophages are dependent upon f-oxidation [197,198]. Secondly,
activation of the inflammatory anti-viral response can be activated by
mitochondria through the NLR family pyrin domain containing 3
(NLRP3) pathway [199,200] in which MFN1 attenuates the NLRP3
inflammasome activation. Downregulation of Drpl has also been
observed during inflammasome activation, which shows mitochondrial
fission augmented inflammatory response through the NLRP3 pathway
[200,201]. Thirdly, mitochondrial fission and fusion influence the
functions of immune cells. Finally, mitochondria and endoplasmic re-
ticulum (ER) being in close proximity to each other, interact with each
other for different signaling pathways, which in turn influence immune
cell metabolism. However, Bao et al. have demonstrated that mtDNA
stress caused by the release of mtDNA into the cell cytoplasm under the
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effect of Drpl-mediated fission induces infiltration and polarization of
TAMs by enhancing the CCL2 secretion from HCC cells by
TLR9-mediated NF-xB signaling pathway [202]. Mitochondrial dy-
namics are involved in cancer by regulating the immune system in
various ways, such as the formation of the inflammasome, M2 polari-
zation, and modulating the T cell profile. Fig. 3 illustrates how mito-
chondrial dynamics contribute to modulating the altered immune
responses, with special respect to cancer.

7.1. Mitochondrial dynamics and polarization of T cells

Cellular behavior is also regulated by mitochondrial dynamics,
especially in T cells’ repertoire. The activation and polarization of T cells
crucially depend on mitochondrial metabolism as T cells use glucose as
the primary fuel to generate ATP. T cell proliferation and differentiation
mainly depend on glycolysis, OXPHOS, fatty acid oxidation (FAO), and
amino acid metabolism. Upon stimulation by several signal activators
like interleukins, cluster molecules that activates T cell receptors,
enhance glucose uptake and increase glycolytic rate via the induction of
Akt-PI3K-signaling [203]. The Akt pathway upregulates the expression
of glucose transporters (Glutl) on the surface of the T cell membrane
and enhances the uptake of glucose [204]. Downregulation of glucose
metabolism in T cells results in a reduced level of cytokines, followed by
an altered immune response and cell death. Glycolysis and FAO,
occurring in mitochondria, highly control the polarization and activa-
tion of T cell subtypes. T cell subtypes (Thl, Th2, and Th17) not only
show increased glycolysis but also express a higher level of Glut1. On the
other hand, memory T cells and regulatory T cells depend on FAO with
lower Glutl expression [205]. Besides this, metabolomic data analysis
has shown that intercellular L-arginine increases OXPHOS in activated T
cells together with anti-tumor activity and also promotes the generation
of memory T cells [206]. Another essential metabolite, L-tryptophan
(trp), an important source of nicotinamide (NAD) synthesis, helps in
CD4+ T cell differentiation. Depletion of Trp promotes T cell apoptosis
due to increased L-kynurenine, facilitating immune tolerance [206].
Moreover, the activation and differentiation of T cell phenotypes are
facilitated by mitochondrial dynamics along with changes in their mass,
number, and mtDNA content. Drpl also helps in the activation of a
proper T cell repertoire, thereby controlling mitochondrialmetabolismto
activate Tg cells by reducing the OXPHOS rate [207]. Conversely, OPA1
induces OXPHOS and FAO to generate memory-like T cells as an
anti-tumor response triggered by mitochondrial fusion [208]. In cancer
cells, the blockage of PGCla-mediated mitochondrial biogenesis in-
fluences the cancer-specific Tg cells to lose their mitochondrial func-
tions, which in turn leads to a considerable reduction in their number.
The inhibition of PGCla is due to the activation of AKT signaling and
reduces the anti-tumor activity of the T cells [141]. Menk et al. have
suggested that the co-stimulation of 4-1BB which is highly expressed in
exhausted T cells, increased mitochondrial fusion and activated the
p38-MAPK cascade, which in turn influenced the PGCla-mediated
pathways in cancer [209]. Dephosphorylation of serine637 in Drpl by
mitochondrial phosphatase phosphoglycerate mutase5 has facilitated
the production of cytokines in NKT cells [210]. The chemotaxis of the
lymphocytes has been facilitated by mitochondrial fission which re-
locates the organelles to promote the migration of lymphocytes [211].
This has validated that the T cell activation and differentiation in TME
directly or indirectly relies on the mitochondrial dynamics. It has been
observed that in nasopharyngeal carcinoma, T cells acquire an exhaus-
tion phenotype with lower expression of MFN1. This has resulted in
lower ATP production and decreased mitochondrial OXPHOS activity
under hypoxic conditions [212]. Thus, mitochondrial dynamics may be
involved in modulating the immune response in TME.
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Fig. 3. Impact of mitochondrial dynamics on immune cells. Increase in glycolysis in cancer cells is initiated by increased uptake of glucose molecules via GLUT1
and produce the by- products like pyruvate and acetyl-CoA in high amount that in turn enters metabolic mechanisms like the TCA cycle and FAO. NADH and FADH2
produced from TCA cycle and FAO enters the ETC which results in increased OXPHOS. OXPHOS further facilitates the polarization of immune cells like M2 mac-
rophages (promotes tumorigenesis), memory T cells (inhibit tumorigenesis), Tregs (suppress antitumor immunity). Mitochondrial proteins like DRP1, OPA1, UCP2,
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phenotype (promote tumorigenesis), memory T cells and NLRP3 inflammasome activation that increase proinflammatory cytokine release thereby promoting cancer.
DRP1 also aids in mitochondrial fission event which in turn helps in activation of effector T cells that inhibits tumorigenesis.

7.2. Impact of mitochondrial dynamics on the innate immune system and
polarization of macrophages in cancer

Mitochondrial dynamics has an interesting role in TME, which reg-
ulates the cells of the innate immune system. Innate immune cells such
as dendritic cells, natural killer (NK) cells, and macrophages recognize
damage-associated molecular patterns (DAMPs), secreted by tumor
cells, via pattern-recognition receptors (PRRs). These show proin-
flammatory activity through the formation of inflammasomes and
secrete proinflammatory cytokines such as IL- 1, and IL-10. Interest-
ingly, mitochondria play an important role in the formation of an
inflammasome. MFN-2 acted as a docking site for the interaction with
NLRP3 to promote inflammasome assembly [200,201]. Mitochondrial
dynamics may have some impact on NK cells as well. As there is an
established study on the role of Drpl-mediated mitochondrial fission in
T cell synapse formation [213], thus it can be assumed that mitochon-
drial fission has the same function in tumor-NK-cell contact site (NK cell
immune synapse). Mitochondrial dynamics play an important role in
macrophage polarization. Metabolic variability is found in the subtypes
of macrophages. The classically activated macrophages of the M1
phenotype, stimulated by IFN-y, mainly rely on glycolysis [214]. On the
other hand, alternatively activated macrophages, or M2 phenotype,
stimulated by IL-4 or IL-13, have high p oxidation and OXPHOS meta-
bolism level [214]. Glutaminolysis is another important metabolism that
causes the synthesis of ketoglutarate which directs macrophages into the
M2 phenotype [215].
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Mitochondrial dynamics differentiate monocytes into macrophages
and further subtypes upon polarization. A high NOS level inhibits
mitochondrial fusion to facilitate M1 polarization [216]. Mitochondrial
uncoupling protein (UCP) 2, present in the IMM along with matrix
shuttle proteins, polarizes macrophages into the M2 phenotype by
controlling ROS levels [217]. The classically activated macrophages are
associated with mitochondrial fission whereas the alternatively acti-
vated macrophages are related to mitochondrial fusion. Drpl in M2
macrophages increases the level of L-lactate, a major product in
glycolysis, stimulates M1 polarization, and also helps in the CCL2/CCR2
mediated chemotaxis of macrophages [218]. The knockout of FAM73b
(also known as mitoguradin 2), a mitochondrial outer membrane fusion
protein, induces TLR (toll-like receptor)- mediated IL-12 production and
inhibits the secretion of IL-10 and IL-13 by macrophages and dendritic
cells to facilitate an antitumor immune response [219]. mtDNA acts as
DAMPs that induce the oligomerization of the inflammasome and, in
turn, facilitate the activation of macrophages. M2 macrophages play a
crucial role in metastatic niche formation by facilitating tumor cell
growth and proliferation and also immunosuppression by inhibiting NK
cell and T cell activity in TME [220]. Taken together, mitochondrial
fusion proteins which are involved in M2 polarization can be therapeutic
targets in cancer. In nutshell, mitochondrial dynamics play a crucial role
in cancer by regulating innate immune cells, but a more detailed study is
needed to understand the proper regulatory mechanisms.
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8. Targeting mitochondria for anti-cancer therapy: an insight
into Mitocans

Mitochondria play a key role in tumor development and promotion
as they are the main regulator of the intrinsic apoptosis pathway, which
remains dormant at the time of tumor generation and gains resistance
properties. In addition to this, mutations in mtDNA and preeminent ROS
levels are the major factors that increase tumor occurrence [221]. Under
such circumstances, targeting mitochondria as an anti-tumor treatment
strategy has come into focus in recent era. For specific and targeted
delivery of drugs to the mitochondria, some small molecules with
unique features like lipophilicity, positive potential, etc. and those with
increased potential to interact with the mitochondrial membrane or
with increased affinity for substances released by mitochondria are
being used. An outstanding representation of Mitocans has been eluci-
dated by Neuzil et al., where a vivid classification of Mitocans has been
provided based on their mode of action [222]. Table 3 encompasses
some important drugs used for targeting mitochondria.

Positively charged lipophilic small molecules, e.g. tetraphenylphos-
phonium (TPP) carrying doxorubicin, have been used to treat breast
cancer cells, resulting in increased cellular uptake and the reversal of
multidrug resistance (MDR). Furthermore, increased levels of caspase 3
and PARP, induced apoptosis in the cells [234]. Small molecule ligands
like glycyrrhetinic acid, an active ingredient extracted from the root of
the traditional herb licorice, are potent in delivering a drug to the
mitochondrial matrix of HCC cells through 4-fold higher cellular inter-
nalization and 8.8-fold higher accumulation in mitochondria [235].
Other than this, peptide-based drug delivery molecules like TAT
(RKKRRQRRR) and R8 (RRR RRR RR), mitochondrial target sequences
in combination with cell-penetrating peptides like TAT, mitochondrial
penetrating peptides like Szeto-Schiller (SS) peptides, vehicle-based
mitochondrial targeting modes like MITO-porter, and mesoporous sili-
con nanoparticles have been used for greater cellular internalization and
targeted delivery of drugs [236]. Apart from this, microbial metabolites
or cellular components have also been observed to attenuate cancer
cells. As evaluated by Chatterjee et al., leishmanial lipid performs an
anti-neoplastic role in AML via the mitochondrial-regulated MAPK
pathway [237]. Parallelly, attenuated L. donovani has been observed to
exhibit a cytotoxic effect on HCC cells via the ROS-mediated p53-
dependent mitochondrial pathway [238].

An increase in the accumulation of doxorubicin in mitochondria
enhances mtROS production, thereby inducing cellular apoptosis by
increasing caspase levels and also hampering the ETC components of the
cancer cells [239,240]. Mitochondrial targeting has also been associated
with the reversal of MDR. For instance, membrane penetrating peptide
modified doxorubicin coupled with HPMA polymers proved to be effi-
cient in drug transfer into resistant breast cancer cells. It has also
increased mtROS production and minimized drug efflux, and thus
decreasing resistant cell growth [241]. MDR has also been reversed by
combining mitochondrial targeting and photodynamic therapy (PDT),
where the monocarboxylate transporters present on the OMM facilitate
the selective distribution of lipid membrane-coated inorganic
silica-carbon nanoparticles (LSC-NPs) loaded with doxorubicin in the
mitochondria. This increases mtROS production, which oxidizes the
NADH into NAD+ to deploy the ATP required for drug efflux and thus
reverses MDR to inhibit the growth of the resistant tumor cells and
cancer stem cells [242]. Evidence also suggests mitochondrial targeting
for anti-metastatic activities, e.g. Wang et al. have found that the cuprous
oxide nanoparticles without chemical modification could selectively
distribute in tumor cell mitochondria, which in turn activates the
apoptotic proteins caspase 3 and caspase 9 and releases cytochrome C
thus minimizing lung metastasis of melanoma cells [243] [244].
Furthermore, targeting mitochondrial cancer metabolism has emerged
as a new anticancer treatment strategy. Yang et al. have shown that
reversal from glycolysis to glucose oxidation occurs when dichlor-
oacetate conjugated with mitochondria-targeted rhenium (I) complex

12

Table 3

Mutation Research-Reviews in Mutation Research 793 (2024) 108490

Drugs targeting mitochondria for anti-cancer treatment.

Drug

Mechanism of
action

Cancer types

Drug status

Ref

Enasidenib

Mito Tam

ME-344

ME-143 and
ME-344

Cyclopamine
tartrate
(CycT)

Tigecycline

VLX600

Gamitrinib

Gboxin

Deguilin

Inhibits mutated
IDH2 and blocks
DNA and histone
hypermethylation
in AML

Inhibits Complex I,
increase ROS and
causes death of
cancer cells in
breast cancer

It induced
apoptosis by
inhibiting heme-
oxygenase 1.
Targets complex I
subunit NDUFA9,
as well as the
complex IV subunit
COXIV and induces
cancer cell death by
disrupting
metabolism
Induced apoptosis
by suppressing
oxygen
consumption in
lung cancer cells.
Increased ROS
generation,
mitochondrial
membrane
hyperpolarization,
and mitochondrial
fragmentation
Inhibits
mitochondrial
protein translation
and inhibit
anchorage
dependent growth
of K-Ras mutant
cancer cells
Reduces
mitochondrial
respiration or
OXPHOS and
reduces the growth
of cancer cells
Disassembles
mitochondrial
integrity and
ATPase activity of
Tumor Necrosis
Factor Receptor-
Associated Protein-
1 (TRAP-1)
Induces apoptosis
prostate cancer
cells by
accumulating in the
cells

Inhibits the activity
of FOF1 ATP
synthase (Complex
V) affecting
OXPHOS in
glioblastoma cells
Reduces oxygen
consumption by
inhibiting Complex
1 in vemurafenib-
resistant melanoma
cells and thus
inhibits their
growth

AML

Breast cancer

Lung cancer

Osteosarcoma

and cervical
cancer

Lung cancer

AML

Colon cancer

Prostate
cancer

Glioblastoma
multiforme

Melanoma

Clinical

Clinical

Investigational

Investigational

Investigational

Clinical

Investigational

Investigational

Investigational

Investigational

[223]

[107]

[224]

[225]

[226]

[227,
228]

[229]

[230,
231]

[232]

[233]
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efficiently accumulates in the mitochondria and selectively destroys the
cancer cells co- cultured with the normal cells by targeting pyruvate
dehydrogenase kinase, which attenuates tumor invasion [245]. Mito-
chondrial targeting for immunotherapy is a new therapeutic approach.
Chen et al. have shown that inducing mitochondrial stress with a
designed organic photosensitizer (named TPE-DPA-TCyP) results in
large scale immunogenic cell death [246]. Parallelly, exogenous exo-
somes can also target the mitochondria to constrain the growth of cancer
cells. For instance, macrophage-derived exosomal miR-503-3p reduces
the glycolytic rate, and increases mitochondrial OXPHOS for which
DACT2 is overexpressed and inhibits the Wnt/f-catenin pathway to limit
the growth of breast cancer cells [247]. CAFs derived exosomes when
cultured with prostate cancer cells, significantly reduce OXPHOS.
Moreover, exosomal miRNAs target OXPHOS genes, thereby deter-
mining that exogenous exosomes modulate mitochondrial activity to
promote tumor growth and can be targeted as an anti-cancer strategy
[135]. Bland et al. have evaluated that CTLL2 cells when treated with
exogenous exosomes derived from B16Fo cells increase the gene
expression associated with mitochondrial activity and increase mito-
chondrial respiration despite the lack of substrate and oxygen [248].
Interaction of breast cancer cell derived exosomes with normal human
primary mammary epithelial cells has revealed that internalization of
the exosomes induces ROS in the recipient cells and initiates autophagy.
This results in the secretion of breast cancer promoting factors from the
transformed recipient cells, which can be targeted for anti-cancer ther-
apy [249]. To sum up, mitochondrial targeting as an anti-cancer treat-
ment strategy has gained a lot of focus in recent years, and further
investigations are required to explore this field with more attempts and
efforts to combat cancer.

9. Discussion

A plethora of mitochondrial dysfunctions occurring due to mutations
in mtDNA, altered expression of mitochondrial proteins and enzymes,
along with the impact of mitoepigenetics in cancer have been elucidated
in this review along with some mitochondrial targeted treatment stra-
tegies. Furthermore, this review also summarizes information on the
effect of mitochondrial dynamics in transformed cells and their effect on
the various immune cells that drive the progression of cancer. Signaling
pathways from mitochondria to the nucleus occurring in the cytosol are
generally activated under the effect of these mitochondrial alterations,
which results in altered gene expression in the nucleus that fuels
tumorigenesis [250]. The baseline alterations in mitochondrial dy-
namics mark possibilities not only for hampering immune cells, but also
causing malfunctions in normal mitochondrial functionalities. A
detailed understanding of the oncogenic signaling occurring in mito-
chondria can depict the undetected somatic and germline mutations that
are essential to attenuate the tumorigenicity by targeting them. The
emerging research on exosomes and their effects on mitochondrial
metabolism will be an innovative field of study for anti-cancer treatment
strategies. Moreover, in the era of personalized medicine, an extensive
study is adopted worldwide to study and target mitochondrial dynamics
to develop fruitful anti-cancer therapy. The detection of mitochondrial
mutations at different levels, and the varied expression of
mitochondria-related factors and proteins, will serve as signature in-
dicators for cancer development. Thus, studies on mitochondria driven
cancers provide opportunities for researchers to investigate new factors
responsible for cancer development and progression.

Since cancer is convoluted and heterogeneous in nature, therapeutic
approaches may vary based on several factors, including genetic/
epigenetic, metabolic, environmental, lifestyle, and others. Mitochon-
dria serve as a source of metabolites for various biosynthetic pathways,
like fatty acid metabolism. However, alterations in the mitochondrial
proteins can drive tumorigenesis by generating oncometabolites and
helping the cancer cells survive in hypoxic and nutrient depleted TME.
The study of these alterations in mitochondrial dynamics exhibited by
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tumor cells is essential for novel drug discovery for antitumor therapy.
Research into the mechanisms of apoptosis and mitophagy has focused
on the regulations of mitochondrial fission and fusion machinery for a
detailed study of the physiological processes. Elucidation of the under-
lying molecular mechanisms involved in these processes will be critical
for a better understanding of mammalian mitochondrial dynamics.
However, a great challenge lies in elucidating the expression of mito-
chondrial proteins and genes in various types of cancer. In other words,
identification of the specific induced or inhibited proteins related to
mitochondrial dynamics in cancer cells in response to multiple stimuli
that might help in fighting tumor cells remains a challenge. Questions
remain about the link between metabolic heterogeneity and cancer cell
migration due to alterations in mitochondrial dynamics. The evaluation
of mitochondrial dynamics in the metabolic regulations of the stem cells
and how they contribute to tumorigenesis still needs to be addressed.
Identification of the mechanisms involving the actin cytoskeleton, ER,
and mitochondrial proteins that contribute to the mitochondrial division
also remain as challenges to developing targetable treatment strategies.
The establishment of potent mitochondrial proteins as diagnostic or
prognostic markers, depending on their expression and activity, is an
essential area of ongoing research. Future discoveries in these areas have
implications for cancer and will also impact our knowledge of funda-
mental cell biology.
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